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Summary 
During early postnatal development, neuronal circuits are sculpted by 
sensory experience provided by the external environment. This 
experience-dependent regulation of circuitry development consolidates 
the balance of excitatory-inhibitory (E/I) neurons in the brain. The 
cortical barrel-column (S1) that innervates a single principal whisker is 
used to provide a clear reference frame for studying the consolidation 
of E/I circuitry.  It is known that sensory deprivation of S1 at birth 
disrupts the consolidation of E/I balance by decreasing inhibitory 
transmission at layer II/III parvalbumin interneurons to pyramidal 
neurons. The molecular mechanisms underlying this decrease in 
inhibition are incompletely understood. The objective in this thesis was 
to elucidate molecular mechanisms underlying the establishment of E/I 
balance. My findings showed that epigenetic mechanisms, in particular 
histone deacetylation by histone deacetylases (HDACs), regulated the 
expression of brain-derived neurotrophic factor (Bdnf) and parvalbumin 
(Pvalb) genes during development, which were required for the 
maturation of parvalbumin interneurons. After whisker deprivation, 
increased histone deacetylase 1 (HDAC1) expression led to increased 
HDAC1 binding and decreased histone acetylation at Bdnf promoters I-
IV and Pvalb promoter, resulting in the repression of Bdnf and Pvalb 
gene transcription. Decrease in BDNF expression affected parvalbumin 
interneuron maturation at layer II/III in S1, demonstrated by decreased 
parvalbumin interneuron synaptic connections implicated in inhibitory 
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synapse stabilization and maturation, which in turn decreased inhibitory 
synaptic transmission and perturbed E/I balance. 
 x 
List of Figures 
Figure 1.1: Transduction pathway of whisker stimuli to S1 
Figure 1.2: Diagram depicting cortical columns in the barrel cortex 
Figure 1.3: Diagram of simplified parvalbumin (PV) circuits in the barrel 
column 
Figure 1.4: Schematic representation of rodent Bdnf gene structure 
Figure 2.1: The whisker deprivation experimental paradigm 
Figure 2.2: Whisker deprivation from birth decreases inhibitory 
parvalbumin perisomatic synapses 
Figure 2.3: Whisker deprivation from birth decreases parvalbumin 
expression. 
Figure 3.1: Sensory deprivation decreases neuronal activation resulting 
in decreased CREB phosphorylation 
Figure 3.2: Sensory deprivation decreases Bdnf mRNA transcripts and 
BDNF protein expression 
Figure 4.1: Schematic of chromatin immunoprecipitation (ChIP) 
Figure 4.2: HDAC1 activity and expression with whisker deprivation 
Figure 4.3: HDAC1, not HDAC2, binding to Bdnf promoters increases 
with whisker deprivation 
Figure 4.4: HDAC1 and HDAC2 binding to Pvalb promoter region 
increases with whisker deprivation 
 xi 
Figure 5.1: Schematic of whisker deprivation paradigm to study critical 
period for experience-dependent HDAC1, Bdnf and PV expression 
Figure 5.2: A critical period exists for the increase in HDAC1 
expression with whisker deprivation 
Figure 5.3: Decrease in promoter specific Bdnf mRNA transcripts with 
whisker deprivation occurs during the same period as the critical period 
for HDAC1 increase 
Figure 5.4: Decrease in PV protein expression with whisker deprivation 
occurs around the same time as the critical period for HDAC1 increase 
Figure 6.1: Diagram depicting how Vivo-morpholinos block protein 
translation 
Fig 6.2: Knockdown of HDAC1 from birth increases Bdnf transcription 
Figure 6.3: Knockdown of HDAC1 during critical period prevented 
increase of HDAC1 with whisker deprivation 
Figure 6.4: Knockdown of HDAC1 during critical period recovers Bdnf 
and Pvalb expression in whisker-deprived mice 
Figure 7.1: Schematic describing the molecular mechanisms 
responsible for decreased PV-interneuron mediated inhibition 
deciphered in this thesis 
List of Tables 
Table 1.1: Classification of “classical” HDACs. 
 xii 
List of Abbreviations 
E/I excitatory/inhibitory 
BDNF brain-derived neurotrophic factor 
CaMKIV calcium/calmodulin dependent protein kinase type IV 
cAMP cyclic adenosine monophosphate 
CaRE1 calcium response element 1 
CaRF calcium response factor 
CB1R type I cannabinoid receptors 
CBP CREB-binding protein 
ChIP chromatin immunoprecipitation 
CRE cis-regulatory element 
CREB cyclic-AMP-response element binding protein 
CTCF corrected total cell fluorescence 
DGL diacylglycerol lipase  
DNMT DNA methyltransferase 
GABA gamma-aminobutyric acid 
GAD glutamic acid decarboxylase 
HAT histone acetyltransferase 
HCN hyperpolarization-activated cyclic nucleotide-gated 
 xiii 
HDAC histone deacetylase  
iLTD inhibitory long-term depression 
ION infraorbital nerve 
IP immunoprecipitation 
IPSC Inhibitory Postsynaptic Current 
LTD long-term depression 
LTP long-term potentiation 
MAP2 Microtubule-associated protein 2 
MAPK mitogen-activated protein kinase 
MBD methyl CpG-binding domain 
MeCP2 methyl-CpG binding protein 2 
mGluR metabotropic glutamate receptor 
MIP maximum intensity projection 
ncRNAs non-coding ribonucleic acid 
NMDAR N-methyl-D-aspartate receptor 
PBS phosphate buffered saline  
PLC phospholipase C 
Pro-BDNF precursor of BDNF 
PV Parvalbumin 
 xiv 
PVDF polyvinylidene difluoride 
RIPA radioimmunoprecipitation assay 
ROI region of interest 
S1 primary somatosensory cortex 
sIPSC spontaneous inhibitory postsynaptic currents 
SOM somatostatin 
STD short-term depression 
tPA tissue-type plasminogen activator 
TrkB tropomyosin receptor kinase B 
V1 primary visual cortex 
VGAT vesicular GABA transporter 
VGCC voltage-gated calcium channels 
VPM ventral posterior medial  
 
 1 
Chapter 1 Introduction 
Topographic maps of sensory receptors exist in the primary sensory 
neocortical areas of mammals and sensory mapping is proportional to 
the density of peripheral receptors (Rauschecker 2002; Hubel et al. 
1998; Blake et al. 2002). Developing visual, somatosensory and 
auditory cortical circuits are exceptionally sensitive to the negative 
effects of sensory organ damage or sensory deprivation during defined 
windows of time known as critical periods (Erzurumlu et al. 2012a; 
Hooks et al. 2007; Kral et al. 2001). The earliest study demonstrating 
the existence of critical periods was conducted in the primary visual 
cortex (V1), for which a critical period for ocular dominance plasticity 
was discovered (Wiesel et al. 1963). This critical period in V1 occurs at 
postnatal day (P) 17, after eye opening around P14 (Fagiolini et al. 
1994). The opening and closure of the critical period for ocular 
dominance plasticity in the V1 is regulated by inhibitory transmission 
from parvalbumin (PV)  interneurons (Fagiolini et al. 2004; Hensch 
2005; Southwell et al. 2010). Ten years later, inspired by the studies of 
Hubel and Wiesel, investigators discovered that removal of whiskers 
before P3-4 led to the loss of structural organization of neurons and 
synapses at layer IV of the primary somatosensory cortex (S1) (Van 
der Loos et al. 1973). Whisker follicles on the snout of rodents are 
represented by discrete cortical neuronal aggregates at layer IV 
neurons and synapses termed as ‘barrels’, and there is a one-one 
association between each whisker and a barrel (Woolsey et al. 1970). 
When whisker follicles or infraorbital nerve (ION) damage occurred 
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before P3-4, the corresponding barrel pattern on layer IV would be lost 
(Durham et al. 1984; Datwani et al. 2002; Rebsam et al. 2005). In the 
rodent S1, the underlying mechanisms for the formation of 
topographical maps and plasticity across layers can be studied during 
development by different forms of whisker deprivation. As a result, 
multiple critical periods have been defined for the S1 at different layers 
(Fox 1992; Erzurumlu et al. 2012). Critical periods have been defined 
for structural organization in the S1 or for excitatory circuits within layer 
II/III (Lendvai et al. 2000; Maravall et al. 2004) and between layer IV to 
layer II/III (Wen et al. 2011). The first study investigating postnatal 
experience-dependent maturation of neocortical inhibitory networks in 
S1 showed that inhibitory transmission from PV interneurons 
decreases when whisker deprivation is carried out at P7, but not at P15 
(Jiao et al. 2006). A recent study went further to define the critical 
period for layer II/III local inhibitory networks, indicating that it lasts 
from P0 to P10 (Lo 2014). Maturation of neocortical inhibitory networks 
are not only important for determining the critical period for ocular 
dominance plasticity in the V1 (Hensch 2005), but are also important 
for experience-dependent refinement of receptive fields in the S1 (Kelly 
et al. 1999; Alonso et al. 2005). However, the molecular mechanisms 
regulating experience-dependent maturation of neocortical inhibitory 
circuits in the S1 are unclear. Epigenetic transcriptional regulation is 
thought to be involved in the regulation of synaptic genes that are 
expressed during critical period plasticity (Fagiolini et al. 2009; Tropea 
et al. 2009; Bavelier et al. 2010). In this thesis, the underlying 
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molecular mechanisms, in particular changes in gene expression and 
epigenetic modifications correlated with whisker experience-dependent 
maturation of PV interneurons with the whisker-deprived mouse S1, 
are investigated. The present author demonstrated that when whiskers 
were removed between P0 to P10, HDAC1 activity and expression 
increases, with concomitant decreases in Bdnf and Pvalb expression. 
As an introduction to this thesis, the rodent S1 will be presented as a 
model for studying whisker-dependent synaptic plasticity. Next, the 
consolidation of excitatory/inhibitory (E/I) balance important for function 
will be discussed. Following which, different critical periods in the S1 
will be described. A summary of known molecular mechanisms 
regulating experience-dependent synaptic plasticity in the cortex and 
how these mechanisms regulate critical periods will be presented. 
Lastly, epigenetic modifications, particularly histone acetylation, acting 
as regulators for experience-dependent gene transcription will be 
discussed.  The information presented will serve as a background to 
put into context the research questions asked and the approaches 
taken to answer these questions.  
1.1 The rodent barrel cortex as a model for studying experience-
dependent plasticity  
As rodents are nocturnal animals and have poor vision (Prusky et al. 
2004),  whiskers (also called vibrissae) are especially important 
sensory organs for perceiving their environment. This importance is 
further reinforced by the large cortical area representing the S1 
responsible for processing stimuli signals from the whiskers (Lee et al. 
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2005). Proper function of S1 is already important early in life (P0) as 
neonates depend on their whiskers to be able to latch onto dams to 
feed and huddle with littermates; trimming of whiskers bilaterally 
negatively affects such behaviour (Sullivan et al. 2003). Whiskers 
enable rodents to discriminate between textures (Zuo et al. 2011), 
perceive location and physical properties of their surroundings 
(Diamond et al. 2008) and navigate in low-light conditions (Hughes 
2007). A study showed that inflicting lesions onto the primary 
somatosensory area lead to the failure of rodents to cross over large 
gaps due to disruption in sensory processing (Troncoso et al. 2004). It 
is also important for rodents to receive whisker stimuli early in 
development to function normally later in life. When the whiskers of rat 
pups were trimmed bilaterally from P0 to P3, these rats when tested at 
P30 were unable to cross large gaps successfully even when their 
whiskers regrown subsequently (Lee et al. 2009). 
Sensory inputs from the whiskers to the S1 follow a defined pathway 
(Figure 1.1A). A whisker, made of keratin, is anchored to the skin by 
the whisker follicle.  Whisker movement stimulates mechanoreceptors 
known as Merkel endings in the whisker follicle, which convert 
mechanical energy into action potentials that are transmitted along the 
ION, a maxillary division of the trigeminal nerve (Rice et al. 1993). 
Each follicle is innervated by approximately 200 trigeminal ganglion 
neurons (Figure 1.1B) (Diamond et al. 2008). Trigeminal ganglion 
neurons form synapses to the principal trigeminal nuclei in the 
brainstem and are organized in clusters of neurons known as 
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“barrelettes” (Veinante et al.1999). The barrelettes form the first layer 
of topographic representation of whisker follicles (Veinante et al. 1999). 
Following which, the trigeminal nerves project into the contralateral 
ventral posterior medial (VPM) nucleus in the thalamus, where they 
form another topographic map of the whisker follicles called 
“barreloids” (Petersen 2007). From the VPM, long-range axons 
innervate layer IV of S1 (Petersen 2007). As these axons form 
disparate clusters of synapses with layer IV neurons, a third 
topographic representation of whisker follicles is formed at the layer IV 
of the cortex, and is called “barrels” (Woolsey et al. 1970).  At the VPM 
and cortex, each “barreloid” or “barrel” responds most to movement at 
their corresponding principle whisker and less to surrounding whiskers 
(Brecht et al. 2002). At layer IV, unevenly distributed neurons at the 
edge of the barrels project dendrites to the centre of the barrel, where 
synapses are made with thalamocortical axons (Simons et al. 1984). 
Hence, the central part of barrels consists mainly of neurite processes 
and synapses, accounting for the unusual appearance of barrels 
(Erzurumlu et al. 2012).  A barrel field is formed in the S1 as result of a 
group of barrels organized in close proximity to each other (Petersen 
2007). From barrelettes, barreloids to barrels, it is remarkable that 
cortical neurons innervating the whisker pad ended up organizing 
themselves into an almost identical morphological formation in the 
cortex.  
The “barrel” structures in layer IV of S1 serve as anatomical landmarks 
that help to demarcate cortical layers and columns (Woolsey et al. 
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1970). Within vertical columns, neurons make connections throughout 
all six cortical layers (Mountcastle 1957) (Figure 1.2). Each column is a 
repeating unit all bearing similar circuits to each other and processing 
the same sensory modality (Mountcastle 1997). Owing to the one 
barrel-to-one whisker pairing, experience-dependent whisker activity 
can be mapped to specific cortical columns (Petersen 2007). This 
creates a topographic map for somatosensation and allows the 
manipulation of whisker experience to study how sensory experience 
shapes neural circuits at different life stages (Erzurumlu et al. 2012; 
Petersen 2007) (Figure 1.1A).  
1.2 Layer-specific critical periods in the barrel cortex 
By postnatal day 5, structures known as barrels consisting of organized 
neurons and synapses have developed in the S1 (Woolsey et al. 
1976). In a classic study, injury to specific whisker follicles at P0 led to 
loss of their corresponding barrels in the S1 (Van der Loos et al. 1973). 
Further studies showed that sensory deprivation by nerve damage 
during development alters the structural organization of neural circuitry 
in the S1 by rearranging dense synaptic connections between long-
range thalamocortical axons and layer IV neurons (Woolsey et al. 
1976; Belford et al. 1980; Jeanmonod et al. 1981). They also showed 
that the effect of sensory deprivation on the organization of layer IV 
neural circuits in the S1 has a defined period of susceptibility. Whisker 
follicle damage at P1 lead to shrinkage of barrels corresponding to 
these whiskers, however whisker damage at P5 had minimal effects on 
the barrels (Weller et al. 1975) and at P7, the effects were absent 
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(Woolsey et al. 1976). By P5, connections are formed between S1 
cortical neurons, and long-range axons and any sensory deprivation 
before this event causes shrinkage of corresponding barrels and 
expansion of neighbouring whiskers receiving whisker input from 
spared whiskers (Woolsey et al. 1976).  
Even when whiskers were trimmed (with the follicle undamaged), 
electrophysiological recordings showed that both barrel sizes and 
neuronal activity decreases with whisker deprivation (Simons et al. 
1984). When the spared whisker was stimulated, neurons in the 
column associated with the lost neighbouring whisker were activated 
as representation of the spared whisker has expanded into the 
deprived barrel (Simons et al. 1984). As long-range projections cross 
over the midline in the thalamus, the effects of whisker damage are 
absent in the ipsilateral S1 and can be used as controls in whisker 
deprivation studies (Woolsey et al. 1976). From these studies it 
appears that the critical period for the formation of barrel structures in 
the S1 starts from P0 and ends at around P7. 
Sensory experience elicits different responses from individual cortical 
layers (Diamond et al. 1994). Hence, it is likely that other critical 
periods also exist for different cortical layers. Current knowledge 
suggests that there is another defined window of time when neural 
circuits in cortical layers II/III are more sensitive to sensory experience 
(Erzurumlu et al. 2012).  
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The layer II/III critical period for receptive fields appears to start from 
P10 and ends at P16 (Erzurumlu et al. 2012). Excitatory connections 
from layer IV to II/III are formed from P10 to P14 (Lendvai et al. 2000; 
Stern et al. 2001), whilst horizontal inter-laminar connections within 
layer II/III (also excitatory in nature) are formed from P13 to P16 (Wen 
et al. 2011). Sensory deprivation before P14, but not after, disrupts the 
structure of receptive fields in layers II/III (Stern et al. 2001). This is 
caused by the reorganization of excitatory circuits between layer IV and 
II/III. Furthermore, when all whiskers were trimmed from P9 to P14, 
receptive fields in layer II/III broadened, whilst those in layer IV did not 
(Shepherd et al. 2003). This affected the tuning of topographic maps in 
layer II/III (Lendvai et al. 2000).  It is unclear if the critical period for 
receptive fields start before P10 as no study on the removal of 




Figure 1.1 Transduction pathway of whisker stimuli to S11. A) Whiskers are arranged in 5 rows on each side of the snout. With 2 
each row containing 5 to 9 whiskers (refer to inset). Trigeminal nerves synapse onto the principal trigeminal nucleus in the 3 
brainstem and cross the midline to project onto the contralateral ventral posterior medial (VPM) nucleus in the thalamus. Thalamic 4 
neurons then project to layer IV (barrel field) in the primary somatosensory cortex (S1). B) Diagram depicting the mechanoreceptor 5 
terminal. The mechanoreceptors at the nerve terminals detect rotation of the whisker follicle by its muscles or movement of the 6 
whisker due to contact and encode sensory information that is passed on the infraorbital (ION) nerve. The peripheral sensory fibres 7 
in the nerve converge to form the trigeminal nerve and form an aggregation of cell bodies known as the trigeminal ganglion near the 8 
brainstem. The central branch extending from the trigeminal ganglion projects toward the thalamus (indicated by the ar9 
                                            
1






Figure 1.2 Diagram depicting cortical columns in the barrel cortex. 
Thalamic neurons project to layer IV of the barrel cortex, where barrel 
structures are observed. Neurons make connections throughout all six 
layers of the cortex and each column is a repeatable unit bearing 
similar neural circuits for processing tactile stimuli from whiskers. 
Green neurons represent pyramidal neurons and red neurons 
represent interneurons.  
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Changes in dendritic spine motility are also observed during this time 
(Lendvai et al. 2000). When whiskers were trimmed between P11 and 
P13, but not before or after, the motility of layer II/III dendritic spines 
are decreased without affecting the stability of their structure (Lendvai 
et al. 2000). This timing also coincides with the critical period for rapid 
spine formation (Micheva et al. 1996) and the onset of exploratory 
whisking behaviour (Welker 1964). These findings suggest that 
sensory input is important for the proper whisker receptive field 
mapping in the S1.  
A limited plasticity of layer II/III receptive fields still exists during 
adulthood, unlike the critical period for structural organization in layer 
IV (Diamond et al. 1994; Glazewski et al. 1996). Although layer II/III 
neural circuits are plastic even in adulthood, they are most amenable to 
sensory-experience during the development of columnar receptive 
fields from P10 to P14 (Stern et al. 2001). Timing-dependent long-term 
potentiation (LTP) and long-term depression (LTD) between layer IV 
and II/III pyramidal neurons are also thought to contribute to receptive 
field map plasticity at P15 to P30, past the critical period (Feldman 
2000).  
Layer V also exhibits experience-dependent plasticity (Diamond et al. 
1994), although it is unclear if a critical period exists for experience-
dependent plasticity at this layer. Excitability of layer V pyramidal 
neuron dendrites increases with sensory deprivation due to decreasing 
expression of dendritic hyperpolarization-activated cyclic nucleotide-
gated (HCN) channels (Breton et al. 2009). Another evidence in 
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support of experience-dependent plasticity at layer V is the increase or 
decrease of layer V neuron excitability caused by changes in cortical 
oscillations and recurrent firing (Mahon et al. 2012) .  
In summary, whisker-experience not only induces structural changes in 
neural circuitry (Woolsey et al. 1976; Lendvai et al. 2000), but also  
receptive field plasticity via changes in  LTP and LTD (Feldman 2000). 
Plasticity varies across subgroups of synapses in different cortical 
layers, resulting in different critical periods within the S1. Certain 
cortical layers are more sensitive to sensory input during defined 
periods of time and the changes in neural circuitry within these layers 
are long-lasting.  
The mechanisms underlying the regulation of experience-dependent 
plasticity are still unclear. As there are multiple plasticity events in 
different layers and circuits during development, it is likely that some 
circuits that are sensitive to experience have yet to be defined. 
Isolating neuronal populations sensitive to experience, determining 
their critical periods and investigating if they differ from those already 
known will be helpful for understanding how layer-specific critical 
periods arise from individual circuits. Different paradigms of whisker 
manipulation can be used to investigate different forms of critical period 
plasticity. The ability to manipulate and reactivate critical period 
plasticity in adulthood may aid treatment of disabilities arising from the 
loss of sensory experiences.  
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1.3 Experience-dependent plasticity of inhibitory circuits helps to 
consolidate excitatory/inhibitory (E/I) balance required for critical 
period plasticity 
As described previously, studies of critical periods have focused on 
excitatory circuits (Simons et al. 1984; Lendvai et al. 2000; Stern et al. 
2001). However, it appears that inhibitory circuits also have an 
important role in regulating the critical periods for receptive field map 
plasticity (Foeller et al. 2004). The onset of critical period plasticity 
requires gamma-aminobutyric acid (GABA) transmission; 
pharmacological enhancement of GABAergic transmission in the visual 
cortex appeared to hasten the onset of critical period plasticity 
(Fagiolini et al. 2000; 2004; Iwai et al. 2003). Conversely, inhibition of 
GABAergic transmission by deletion of Gad65, the gene encoding 
glutamate decarboxylase required for the production of GABA, delays 
the onset of critical period plasticity (Hensch et al. 1998). The 
consolidation between excitatory and inhibitory transmission coincides 
with the end of the critical period plasticity (Bavelier et al. 2010). 
Although important, the exact mechanisms as to how inhibitory circuits 
contribute to critical period plasticity are unclear.  
A study in adult mice demonstrated that after 24 hours of whisker 
stimulation, inhibitory inputs to dendritic spines increased and changed 
the responses of layer IV neurons, and the effect remained even four 
days after stimulation (Knott et al. 2002).  This finding demonstrates 
that experience can change the inhibitory circuitry. Interneurons 
constitute the inhibitory circuitry and they make up 20-30% of the 
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neurons in the cortex (Markram et al. 2004). Identifying which 
population of interneuron is sensitive to experience will help better 
understanding of the role of inhibitory circuits in the regulation of critical 
period plasticity.  
One possible population of interneurons that are influenced by 
experience are the PV interneurons. Approximately 36% of GABAergic 
interneurons in the S1 expresses the calcium-binding protein PV (Lee 
et al. 2010), making these the largest population of cortical 
interneurons. Some of these PV  interneurons are further classified as 
fast-spiking chandelier cells or basket cells that make up 50% of all 
inhibitory interneurons (Markram et al. 2004). These PV interneurons 
help to regulate local excitatory circuits in the barrel column through 
inhibitory transmission (Figure 1.3); hence they may help to shape 
excitatory circuits during the critical period. PV interneurons also 
receive whisker input from the thalamus (Porter et al. 2001; Swadlow 
2002; Gabernet et al. 2005), and layer IV excitatory neurons (Adesnik 
et al. 2012), and in doing so they integrate multiple inputs from other 
neurons in the cortex (Staiger et al. 2009; Bartos et al. 2012).  
Owing to the properties of PV interneurons mentioned previously, 
studies have investigated and showed that experience-dependent 
plasticity of PV interneurons exists in the S1 (Jiao et al. 2006) and V1 
(Southwell et al. 2010) areas. Transplantation of immature PV 
interneurons in the V1 caused the reopening of the critical period for 
ocular dominant plasticity in adult rodents, demonstrating that there is a 
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temporal relationship between PV interneurons and ocular dominance 
plasticity in the V1 (Southwell et al. 2010). 
In the S1, whisker trimming at P7 decreases both PV expression and 
inhibitory postsynaptic current (IPSC) amplitudes in layer IV, thus 
showing that experience is required for the development of PV 
interneurons (Jiao et al. 2006). However, it is unclear if PV 
interneurons at layer IV exhibit critical period plasticity, as there were 
no data available for whisker trimming done at time points other than 
P7. In a recent study, whisker deprivation at birth resulted in a 
decrease in IPSC amplitude in layer II/III (Lo 2014). Whisker 
deprivation at different time points revealed that layer II/III PV 
interneurons were highly sensitive to sensory input between P0 to P10, 
whereby whisker deprivation during this period of time causes a 
decrease in IPSC, but not after P10 (Lo 2014). From these studies, it 
appears that PV interneurons circuit formation exhibit critical periods 
that may depend on the spatial location. Another population of 
interneurons that are likely to exhibit experience-dependent plasticity is 
the somatostatin (SOM)-expressing interneuron. SOM interneurons are 
the second most abundant class of interneurons, and is distributed in 
all six layers of the S1, making up 29% of all GABAergic interneurons 
(Lee et al. 2010). These interneurons densely innervate distal dendrites 
of layer II/III pyramidal neurons in the S1 and provide tonic inhibition 
(Gentet 2012). They also regulate feed forward and feedback of 
cortical activity as they receive input and are recruited by presynaptic 
excitatory circuits (Kapfer et al. 2007). Martinotti interneurons 
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expressing SOM mediates disynaptic inhibition between pyramidal 
neurons (Silberberg et al. 2007) and also mediate inhibition in layer 
II/III (Adesnik et al. 2012). Late sensory deprivation transiently 
decreases inhibition from layer V to layer II/III, and this decrease is 
likely to be mediated by SOM-expressing Martinotti interneurons 
(Kätzel et al. 2011). It is also important to understand if SOM-
expressing interneurons exhibit experience-dependent plasticity 
involved in regulating critical period plasticity. 
The studies described above have highlighted how the development of 
inhibitory circuits regulates critical periods. As the development of 
inhibitory circuits involves a multitude of signaling molecules, what 
exactly are the underlying experience-dependent molecular 
mechanisms that allow consolidation of excitatory-inhibitory balance in 
the S1? To examine this question more closely, studies investigating 
molecular mechanisms underlying the consolidation of excitatory and 
inhibitory circuits will be reviewed in the following sections. 
1.4 Molecular mechanisms consolidating excitatory/inhibitory (E/I) 
balance  
As mentioned previously, not all GABAergic interneurons are involved 
in critical period regulation (Fagiolini et al. 2004). It appears that PV 
interneurons are involved in critical period plasticity regulation as the 
expression of PV in these interneurons and the onset of critical period 
plasticity appear to coincide (Del Rio et al. 1994). Further supporting 
evidence shows that both PV and onset of critical period plasticity are 
accelerated by brain-derived neurotrophic factor (BDNF) 
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overexpression (Huang et al. 1999). Lastly, deletion of potassium 
channel (Kv3.1), which specifically regulates the fast-spiking behaviour 
of PV interneurons, delays ocular dominance plasticity (Hensch 2005). 
As increasing inhibitory transmission from PV interneurons regulate the 
onset of critical period plasticity (Huang et al. 1999; Fagiolini et al. 
2000; Hensch et al. 2005), it is important to understand the molecular 
mechanisms that underlie PV interneuron development. Several 
signaling processes drive postnatal PV interneuron circuit 
development. These processes regulate synaptic neurotransmission, 
gene transcription and epigenetic regulation of gene expression in the 
nucleus to drive PV interneuron development. In the following sections, 




Figure 1.3 Diagram of simplified parvalbumin (PV) circuits in the 
barrel column. Illustration depicts connections between PV 
interneurons and layer II/III, IV and V excitatory pyramidal neurons. PV 
interneurons receive sensory input directly from the thalamus (Porter et 
al. 2001; Swadlow 2002; Gabernet et al. 2005) or indirectly from 
excitatory circuits(Adesnik et al. 2012). Figure is adapted with 
permission from Lo Shun Qiang (Lo 2014). 
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1.4.1 GABA signaling regulates development of GABAergic circuits. 
GABAergic circuits are not fully functional at birth and maturation takes 
place over time until their complete development at puberty (Hensch et 
al. 1998; Huang et al. 1999). GABA itself drives the maturation of 
inhibitory PV interneuron circuitry. During early development, GABA 
acts as a trophic factor and drives cell proliferation, neuronal migration 
and neurite growth (Owens et al. 2002; Represa et al. 2005). As the 
circuits mature, intracellular chloride ions are expelled in an activity-
dependent manner and GABA starts to function as an inhibitory 
neurotransmitter rather than being excitatory (Ben-Ari et al. 1989). 
GABA is synthesized by 2 forms of glutamic acid deoxycarboxylase - 
GAD65 and GAD67, the deletion of the gene encoding either enzymes 
reduces GABA levels (Asada et al. 1997; Hensch et al. 1998). GAD67 
is primarily expressed early in development, in the cell body and nerve 
terminals and contribute to 90% of GABA synthesis. The remaining 
10% is synthesized by GAD65 that is expressed later in development 
and localized to presynaptic termini (Pinal et al. 1998).  
Studies have shown that GABA positively regulates GABAergic 
interneuron’s synaptic connections. Knockdown of GAD67 in mice 
resulted in aberrant perisomatic synapse maturation (Chattopadhyaya 
et al. 2007), whereas knockdown of GAD65 resulted in deficiency in 
maintaining stable perisomatic synapses (Hensch et al. 1998). These 
findings showed that GABA is required for stable inhibitory synapses, 
but the mechanism of action for this remains unclear. Like that of 
GAD67, GAD65’s expression is activity-dependent (Patz et al. 2003) 
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and the synthesis of GABA is thus also activity-dependent. In a follow 
up study, knocking out genes encoding GAD67, GAD65 and VGAT in 
individual basket interneurons led to increased bouton and axon 
density with normal synapses compared to controls (Wu et al. 2012). 
This study suggests that instead of forming inhibitory synapses, GABA 
acts to eliminate subsets of synapses in an activity-dependent manner, 
while promoting the maturation of other synapses.  
GABA signaling via GABA receptors is important for interneuron axon 
arborization and synapse development. This is demonstrated by 
recovery of perisomatic synapses in GAD67 -/- mice after treatment with 
GABAa or GABAb receptor agonists (Chattopadhyaya et al. 2007). 
GABAa and GABAb receptors are present on postsynaptic neurons, 
axon terminals and surrounding glial processes (Huang et al. 2007). 
GABA signaling is largely mediated by ionotropic GABAa receptors, 
and to a lesser extent by metabotropic GABAb receptors, activated by 
endogenous release of GABA (McLean et al. 1996). Cell-autonomous 
activation of presynaptic GABAb receptors that modulate Ca
2+ channels 
and GABA release (Dunlap et al. 1981; Gonchar et al. 2001) influences 
growth cone motility and bouton stability (Henley et al. 2004). In 
addition, GABA signaling through postsynaptic or glia receptors 
(Nilsson et al. 1993; Kang et al. 1998) may trigger retrograde trophic 
factors, thereby promoting axon branching and synapse formation. One 
of these factors is BDNF. A study demonstrated that activation of post-
synaptic metabotropic GABAb receptors on pyramidal neurons trigger 
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secretion of BDNF and promotes the development of perisomatic 
GABAergic synapses in hippocampal neurons (Fiorentino et al. 2009).  
In another study, it was demonstrated that GABAa receptors are 
negatively regulated by the precursor of BDNF (pro-BDNF)–p75 
signaling pathway (Riffault et al. 2014).  The presence of proBDNF 
lead to degradation and repression of GABAa receptor synthesis 
resulting in decreased inhibitory transmission. The cleavage of 
proBDNF to BDNF is mediated by tissue-type plasminogen activator 
(tPA) (Pang et al. 2004) and tPA has  been implicated in experience-
dependent plasticity in the visual system (Mataga et al. 2004). In 
summary, these studies suggest that there is a positive interplay 
between experience-dependent activity, BDNF and GABA signaling for 
the maturation of GABAergic synapses. 
1.4.2 Endocannabiniod signaling regulates GABAergic transmission 
Another signaling pathway that regulates the development of 
GABAergic, PV interneurons is the endocannabinoid signaling 
pathway. Endocannabinoids are produced and released 
postsynaptically, and act as retrograde negative regulators of 
presynaptic GABAergic neurotransmitter release (Chevaleyre et al. 
2006; Lovinger 2008; Kano et al. 2009;). They bind to type I 
cannabinoid receptors (CB1R) pre-synaptically and mediate long-term 
depression of inhibitory transmission (iLTD). This causes a decrease in 
GABAergic release probability at inhibitory synapses of fast-spiking, PV 
interneurons during development of the visual cortex (Jiang et al. 
2010). iLTD was found to be induced only during the experience-
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dependent critical period of the visual cortex. When antagonists against 
CB1R were applied or CB1R knockout mice were examined, absence 
of endocannabinoid-induced iLTD prevented the characteristic 
decrease in GABAergic release probability, short-term depression 
(STD) and response variability observed in mature cortical GABAergic 
inhibition (Jiang et al. 2010).  
In a follow up study, the authors found that there exists a difference in 
sensitivity to endocannabinoids in the different layers of the visual 
cortex (Jiang et al. 2010; Sun et al. 2015). They showed that 
GABAergic synapses in layer II/III and layer V were more sensitive to 
the CB1R agonist, showing precocious maturation that was not 
observed in CB1R knockout mice, demonstrating that endocannabinoid 
signaling is responsible for iLTD. However, in layer IV administration of 
CB1R agonist at any age did not result in precocious maturation. This 
suggests that although endocannabinoids do not play a role in 
maturation of GABAergic inhibition in layer 4 of the visual cortex, they 
may be partly responsible for maturation of GABAergic inhibition in 
layers II/III and V. These findings also provide an explanation for the 
differences in timing in the maturation of GABAergic inhibitory circuits 
between layer IV and layers II/III and V (Jiang  et al. 2010; Sun et al. 
2015). 
Studies also showed that BDNF induce endocannabinoid release and 
there exist some cross-talk between BDNF and endocannabiniod 
signaling. Evidence of interaction between endocannabinoids and 
BDNF interaction are found in the visual cortex (Huang et al. 2008), 
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hippocampus (Khaspekov et al. 2004) and cerebellum (Maison et al. 
2009). In addition,  TrkB receptors and CB1R are found to be strongly 
colocalized throughout the forebrain, layer II/III and V of the cortex 
(Cabelli et al. 1996; Fryer et al. 1996; Miller et al. 2000), with the 
highest levels of CB1R found in layer II/III (Matsuda et al. 1993; Tsou 
et al. 1998; Marsicano et al. 1999; Egertová et al. 2003).  
Post-synaptic endocannabinoid synthesis and release that regulate 
pre-synaptic GABA release was found to be mobilized by BDNF- 
tropomysosin receptor kinase B (TrkB) signaling (Lemtiri-Chlieh et al. 
2010). Findings showed that acute application of BDNF in the cortex 
decreased the amplitude of inhibitory post-synaptic currents (IPSCs), 
pre-synaptic GABA release probability and frequency of miniature 
IPSCs. However, the amplitude of miniature IPSCs and post-synaptic 
response to GABA were not affected (Lemtiri-Chlieh et al. 2010). 
Further studies showed that the production of endocannabinoids is 
independent of metabotropic glutamate receptor (mGluR) and is 
initiated by postsynaptic signaling from TrkB followed by downstream 
phospholipase C (PLC) signaling (Zhao et al. 2014). Endogenous 
BDNF-TrkB signaling is required for inducing endocannabinoid-
mediated iLTD that occurs during the critical period for the maturation 
of GABAergic inhibition. Blockade of both TrkB receptor and activation 
of diacylglycerol lipase (DGL) abolished iLTD at layer II/III cortical 
inhibitory synapses (Zhao et al. 2015). As BDNF is involved in both 
GABA and endocannabinoid signaling that drives inhibitory 
transmission in the cortex, it is important to understand how BDNF 
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affects PV interneuron development and how its availability is 
regulated. 
1.4.3 Experience-dependent BDNF expression is important for PV 
interneuron development 
BDNF is a growth factor that supports survival and differentiation of 
embryonic neurons (Bibel 2000; Binder et al. 2004) and has an 
important role in the maturation of perisomatic inhibitory innervation. 
The role of BDNF on GABAergic interneuron development has been 
investigated by in vitro studies which showed that BDNF drives the 
formation of GABAergic synapses and transmission in hippocampal 
and cortical cultures (Rutherford et al. 1997; Vicario-Abejon et al. 
1998). Supporting in vivo studies showed that when BDNF is over-
expressed in the visual cortex, the development of GABAergic circuits 
and inhibition was accelerated, correlating with premature onset and 
closure of ocular dominance plasticity (Hanover et al. 1999; Huang et 
al. 1999). Furthermore, dark-reared mice injected with BDNF to the 
retina showed normal levels of GABA and GAD65 whereas control 
dark-reared mice exhibited reduced GABA and GAD65 levels (Lee et 
al. 2006).  
Immunohistochemistry data showed that 80% of PV interneurons in the 
adult visual cortex and organotypic cultures express BDNF receptor - 
TrkB (Gorba et al. 1999). This suggests that BDNF-TrkB signaling is 
important for the survival and maintenance of PV interneurons. A later 
study also demonstrated that fast-spiking, GABAergic, PV interneurons 
are one of the interneuron subtypes that require BDNF and KCl-
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induced depolarization for differentiation and formation of inhibitory 
circuits (Berghuis et al. 2004). To understand how BDNF influences the 
development of PV interneuron circuits, immunohistochemical and in 
situ hybridization studies suggest that BDNF produced in cortical 
pyramidal neurons act as an intercellular signaling molecule. Pyramidal 
neuron activity is communicated via BDNF’s binding to TrkB receptors 
found on PV interneurons (Cellerino et al. 1996; Singh et al. 1997; 
Holm et al. 2009).  
Inhibition of BDNF-TrkB signaling with a TrkB receptor antagonist, 
K252-a, disrupted the regulation of GABAergic activity and thus 
network oscillations in the hippocampus (Holm et al. 2009) and cortex 
(Lemtiri-Chlieh et al. 2010). Further investigations with mutant mice 
bearing a specific deletion of TrkB receptor in fast-spiking, GABAergic, 
PV interneurons revealed a decrease in amplitude in glutamatergic 
inputs to PV interneurons. The frequency of inhibitory transmission 
from PV interneurons to excitatory pyramidal neurons was also 
reduced and rhythmic network activity in the gamma frequency band 
affecting network oscillations was decreased (Zheng et al. 2011). 
These findings suggest that BDNF has a post-synaptic influence on the 
inhibitory function and structure of PV interneurons. These studies 
have clearly shown a link between GABAergic synapse maturation and 
the onset of critical period plasticity. Hence, it is important to 
understand how BDNF expression is regulated. 
BDNF is cleaved from proBDNF, which is translated from 11 possible 
splice isoforms of Bdnf mRNA transcripts that exist in rodents (Aid et 
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al. 2007). The multiple isoforms of Bdnf mRNA transcripts is the result 
of transcription from different promoters (I–VIII) to produce transcripts 
with unique 5’ exon (exons I–VIII) that are spliced on to the common 3’ 
coding exon (exon IX) (Figure 1.4). Unique Bdnf mRNA transcripts are 
expressed during different developmental time points and are regulated 
by different factors. Some transcripts are expressed at basal levels that 
are required for neuronal survival and differentiation. Whilst other 
transcripts are expressed in an experience-dependent manner for 
circuit maturation and plasticity (Lu 2003).  
Studies in adult rodents have demonstrated that neuronal activity 
upregulates Bdnf mRNA transcription from specific promoters in the 
cortex (Timmusk et al. 1995). Conversely, Bdnf mRNA transcription is 
downregulated when there is decreased neuronal activity in the visual 
cortex (Bozzi et al. 1995). Bdnf mRNA transcription from promoter IV is 
apparently more sensitive to neuronal activity caused by sensory inputs 
(Nanda et al. 1998). To investigate the role of activity-dependent Bdnf 
expression mediated at promoter IV, Hong and colleagues generated a 
mouse line that carries a mutation in the endogenous promoter IV. 
These mice have decreased spontaneous inhibitory postsynaptic 
currents (sIPSCs) in their cortical neuron culture and lesser GABAergic 
synapses in the cortex (Hong et al.2008). In another study, promoter 
IV-mediated Bdnf transcription was disrupted by inserting a GFP-STOP 
cassette after exon IV. The resulting mice had fewer fast-spiking, 
GABAergic, PV interneurons in the prefrontal cortex, and reduced 
frequency and amplitude of sIPSCs in cultured cortical neurons 
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(Sakata et al. 2009). The same strain of mutant mice was used to study 
the effects of experience-dependent expression of Bdnf on GABAergic 
circuits in the barrel cortex (Jiao et al. 2011). GABA release, PV 
expression and size of perisomatic boutons were significantly 
decreased in fast-spiking, PV interneurons of mutant mice (Jiao et al. 
2011). It appears that the lack of experience-dependent Bdnf 
expression led to a developmental delay in maturation of GABAergic 
PV interneuron circuits (Chattopadhyaya et al. 2004). The disruption of 
experience-dependent Bdnf transcription from promoter IV in these 
studies did not affect the structure and function of cortical glutamatergic 
synapses. In summary, the findings show that activity-dependent Bdnf 
transcription is crucial for the development of inhibitory circuits in the 
cortex. Although the Bdnf gene structure is known and that its 
expression is upregulated by neuronal activity (Timmusk et al. 1995), 
the molecular mechanisms underlying the experience-dependent 
transcription of Bdnf promoter IV remains unclear. 
Also, it is unclear if there are other promoter regions involved in 
experience-dependent transcription of Bdnf mRNA apart from promoter 
IV (Timmusk et al. 1995; Nanda et al. 1998). Possible mechanisms 
regulating experience-dependent transcription of Bdnf is discussed 
further in the following sections.  
1.4.4 Mechanisms regulating activity-dependent Bdnf transcription 
Neuronal activity triggers the influx of calcium into the neuron via 
synaptic and extrasynaptic ligand- and voltage-gated ion channels, 
such as N-methyl-D-aspartate receptors (NMDARs) and L- and N- type 
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voltage-gated calcium channels (VGCCs) (Bading et al. 1993); calcium 
acts as a secondary messenger to convert synaptic activity into gene 
expression (Carafoli et al. 2001). The elevation of intracellular calcium 
regulates gene expression at different levels, including translation 
(Krichevsky et al. 2001), mRNA splicing (Xie et al. 2001) and 
transcriptional initiation (Cruzalegui et al. 2000; West et al. 2001). 
Numerous studies have demonstrated the initiation of Bdnf 
transcription by activity-dependent influx of calcium (Shieh et al. 1998; 
Tao et al. 1998).  The influx of calcium triggers calcium-signaling 
pathways activating transcription factors resulting in activity-dependent 
transcription of Bdnf in neurons. The two calcium-dependent 
transcription factors best known to regulate Bdnf transcription are 
cyclic-AMP-response element binding (CREB) protein (Tao et al. 1998) 
and calcium-response factor (CaRF) (Tao et al. 2002). 
CREB is activated in neurons by neurotransmitters, neuromodulators 
and neurotrophic factors (Shaywitz et al. 1999; Mayr et al. 2001). Once 
phosphorylated and activated, they bind to the cis-regulatory element 
(CRE) at the gene promoter region to drive gene expression. There are 
more than 100 mammalian genes that have CREs in their promoter 
regions (Mayr et al. 2001) and Bdnf has CRE sequences within 
promoters I and IV (Tao et al. 1998; Tabuchi et al. 2002). Stimulation of 
neurons with nerve growth factor (NGF) and BDNF increases CREB 
activity and promotes neuronal survival (Riccio et al. 1999). Hence, it 
appears that the product of Bdnf transcription also regulates CREB 
activity. 
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CREB is activated when it is phosphorylated by upstream kinases 
within several signal-transduction pathways. Two well-studied signaling 
pathways that lead to CREB phosphorylation involves 
calcium/calmodulin dependent protein kinase type IV (CaMKIV), a 
nuclear protein kinase that phosphorylates CREB at Ser133 during 
acute neuronal stimulation (Ho et al. 2000; Ribar et al. 2000). Longer 
neuronal stimulation that leads to CREB Ser 133 phosphorylation is 
instead dependent on the calcium-dependent Ras-MAPK (mitogen-
activated protein kinase) pathway (Dolmetsch et al. 2001; Wu et al. 
2001). Phosphorylation of Ser 133 leads to the recruitment of the 
CREB-binding protein (CBP) a transcriptional co-activator, thus 
enhancing the ability of CREB to promote transcriptional activation 
(Kwok et al. 1994; Impey et al. 2002). However, CREB can also be 
phosphorylated at other sites, such as Ser129, Ser142 and Ser 143 by 
stimuli that increase intracellular Ca2+ via NMDAR and L-VGCC 
activation (Kornhauser et al. 2002; Lonze and Ginty 2002). This 
suggests that CREB can also activate transcription via other 
mechanisms. 
CREB activation itself is insufficient for Bdnf expression as mutations 
upstream of the CRE element could also inhibit the activity-dependent 
transcription of Bdnf (Shieh et al. 1998; Tao et al. 1998). It appears that 
simultaneous activation of other transcription factors is also required. 
One such transcription factor is CaRF that binds calcium response 
element 1 (CaRE1) located 5’ to CRE (Tao et al. 2002). The binding of 
both these transcription factors activates transcription of Bdnf promoter 
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IV. Unlike CREB that is activated by many signaling pathways, CaRF 
only drives transcription in response to neuronal depolarization and not 
a rise in cyclic adenosine monophosphate (cAMP) levels. Hence, 
CaRF acts as specific regulator for transcription and is activated only 
by neuronal signaling. Phosphorylation of Ser142/143 in CREB, from 
signaling via NMDAR and L-VGCC, inhibits the association of 
phosphorylated Ser133 with CBP (Parker et al. 1999). Owing to the 
close proximity of CaRF and CREB when they bind to Bdnf promoter, 
the two proteins may physically interact to recruit other transcriptional 
coactivator complexes that can bind to CREB phosphorylated at Ser 
142/143 (West et al. 2002). Other than binding of transcription factors, 
transcriptional activation of Bdnf is also dependent on the chromatin   
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Figure 1.4 Schematic representation of rodent Bdnf gene 
structure (Aid et al. 2007). Protein coding regions are represented by 
shaded boxes and untranslated regions are represented by open 
boxes. Unique 5’ untranslated exons are spliced to the common 3’ 
protein coding exon IX to give rise to 11 possible transcripts. Three 
different transcript variants IIA, IIB and IIC are generated due to 
alternate splice-donor sites in exon II (marked A, B and C). Initiation of 
transcription in the intron before the 3’ protein coding exon gives rise to 
IXA transcripts. Transcription may terminate at either one of the two 
polyadenylation signals in the 3’ exon (arrows).  
 32 
structure that determines promoter activity. Mechanisms for regulating 
chromatin structure will be discussed in the following sections. 
1.4.5 Epigenetics and the experience-dependent regulation of Bdnf 
The dynamic interplay between gene expression and experience is 
biochemically driven by epigenetic mechanisms. These mechanisms 
are able to alter chromatin states in post-mitotic, non-dividing neurons 
(Jaenisch et al. 2003; Borrelli et al. 2008; Day et al. 2010). The 
chromatin state regulates the accessibility of gene regulatory elements 
to transcription factors and RNA polymerase in response to 
environmental cues (Dulac 2010).  Epigenetic mechanisms alter 
genetic materials in a reversible manner but do not change the primary 
DNA sequence (Borrelli et al. 2008). Some examples of common 
epigenetic marks are DNA cytosine methylation (Day & Sweatt 2010), 
histone acetylation/deacetylation, protein methylation and 
phosphorylation (Dulac 2010). As such, it is not surprising that the 
experience-dependent expression of Bdnf regulating the maturation of 
PV interneurons is dependent on epigenetic regulators. Studies have 
shown that DNA methylation (Martinowich 2003) and histone 
acetylation (Bredy et al. 2007; Tian et al. 2009) may play important 
roles in regulating experience-dependent Bdnf transcription. 
1.4.6 DNA methylation  
The addition of methyl groups by DNA methyltransferases (DNMTs) on 
the cytosine residues of CpG islands (DNA sequences rich in CG 
repeats) has a silencing effect on gene transcription (Razin et al. 
1980). The methylation of cytosine reduces the binding and assembly 
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of transcription complexes. Studies in vitro have demonstrated that 
neuronal depolarization in cultured neurons decreases Dnmt1 and 
Dnmt3a expression, resulting in decreased DNA methylation at Bdnf 
promoters I and IV and increasing Bdnf mRNA transcription (Levenson 
et al. 2006; Sharma et al. 2008). An in vivo study also demonstrated a 
transient decrease in methylation at Bdnf promoters during contextual 
learning (Lubin et al. 2008).  
The other function of the methyl group is to recruit methyl CpG-binding 
domain (MBD)-containing proteins that silence the promoter by 
preventing transcription complexes from binding (Lewis et al. 1992; Ng 
et al. 1999). Studies in cultured cortical neurons showed that methyl-
CpG binding protein 2 (MeCP2) occupancy decreases at Bdnf 
promoter IV and transcription was upregulated after neuronal 
depolarization (Chen et al. 2003; Martinowich 2003). These studies 
also showed that MeCP2 predominantly occupied promoter IV relative 
to the other promoters. Interestingly, different methylated CpG sites in 
promoter IV were changed by neuronal depolarization in different 
studies. One group reported that cytosine methylation decreased at 
CpG sites -111, -109 and -24 (relative to transcription start site of Bdnf 
promoter IV)  after neuronal depolarization (Martinowich 2003), 
whereas another group reported changes only CpG site-148 (Chen et 
al. 2003). Furthermore, in an in vivo contextual fear conditioning study, 
DNA methylation was observed to decrease in promoters I and IV, but 
increased in promoter VI in the hippocampus (Lubin et al. 2008). It 
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appears that site of DNA methylation of Bdnf promoters depends on 
the subtype of neuron and the nature of stimulation used.  
1.4.7 Histone acetylation  
Remodelling of chromatin structure is brought about by post-
translational modification of histone proteins such as acetylation, 
methylation and phosphorylation (Dulac 2010). Of these post-
translational histone modifications, acetylation of lysine residues on 
histone proteins is the best studied. Histone acetylation is a reversible 
biochemical reaction catalyzed by histone acetyltransferases (HATs) 
and histone deacetylases (HDACs) that have opposing actions.  
There are 2 different classes of HATs, Types A and B and are grouped 
according to their location (Lee et al. 2007). Type A HATs are located 
in the nucleus and are involved in remodelling chromatin structure to a 
relaxed state for gene transcription. On the other hand, Type B HATs 
are located in the cytoplasm and acetylate newly synthesized histone 
proteins before they are assembled into nucleosomes. CBP, as a co-
activator for CREB dependent transcription of Bdnf, has histone 
acetyltransferase activity and is a type A HAT. Knock-out of CBP in 
mice resulted in hypoacetylation, but did not affect the expression of 
BDNF (Alarcón et al. 2004). However, over expression of CBP in an 
animal model for Alzheimer’s disease lead to the increase of BDNF 
expression (Caccamo et al. 2010). These studies show that histone 
acetylation regulates Bdnf transcription. 
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Conversely, HDACs remove the acetyl groups from lysine on a histone. 
This results in a more tightly wounded DNA around histones and a 
more condensed chromatin, thus preventing gene transcription. 
Mammalian HDACs are grouped into 4 classes according to their 
sequence homology to yeast orthologues (Witt et al. 2009). Class I, II 
and IV are made up of 11 members and are known as “classical” 
HDACs that require Zn2+ as a cofactor. Class I HDACs (HDAC1, 2, 3 
and 8) are mostly localized in the nucleus, with the exception of 
HDAC3 and HDAC8 that can also be found in the cytoplasm. HDAC3 is 
also found to be associated with membranes (Longworth et al. 2006). 
Class II HDACs (HDAC4, 5, 6, 7, 9 and 10) can shuttle in and out of 
the nucleus (De Ruijter et al. 2003). The subcellular localization and 
tissue distribution of classical HDACs is summarized in Table 1.1. The 
remaining 7 members, known as sirtuins, make up class III. The 
deacetylase activity of sirtuins are NAD+ dependent and they have a 
different mechanism of action (Imai et al. 2000). Evidence from many 
studies has indicated that histone acetylation is a major regulating 
mechanism of Bdnf transcription. One such study showed that memory 
extinction increases acetylation of H4 in chromatin of Bdnf promoter IV 
but not that of other exons (Bredy et al. 2007). On the other hand, 
acetylation of H3 is upregulated in the chromatin of the same promoter 
region after contextual fear conditioning (Lubin et al. 2008). Lastly, the 
increase in BDNF after neuronal depolarization not only correlated with 
a decrease in CpG methylation at Bdnf promoter IV, but also the 
disassociation of the MeCP2-HDAC1-mSin3A repressor complex 
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(Martinowich 2003). These studies suggest that activity-dependent 
chromatin modification likely take place in histones associated with 
specific genes. As activity-dependent changes in chromatin structure 
take place at more than one gene promoter, what is the overall effect of 
HDACs on inhibitory circuits and hence critical period plasticity? The 
effects of HDAC perturbation on inhibitory circuits and critical period 
plasticity will be discussed in the final section.  
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Table 1.1 Classification of “classical” HDACs. HDACs are grouped 
into 4 classes. HDACs are localized in either the nucleus or cytoplasm 
and are expressed ubiquitously or exhibit tissue specificity. Class III are 
not considered “classical” HDACs as they have a different mechanism 
of action and are not shown.  
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1.4.8 HDAC inhibitors and reactivation of critical period plasticity 
Many studies in the visual cortex have looked at how critical period 
plasticity may be regulated by epigenetic mechanisms. Histone 
acetylation has been shown to be an experience-dependent epigenetic 
mark and is abundant at loose chromatin sites of active gene 
transcription. These acetylation marks also exhibit a correlative 
decrease as critical period plasticity ends (Putignano et al. 2007). 
Administration of HDAC inhibitors reactivates critical period plasticity in 
the visual cortex (Putignano et al. 2007; Vetencourt et al. 2011) and 
also recovers binocular vision in amblyopic adult mice (Silingardi et al. 
2010). It was also found that the reactivation of critical plasticity by 
HDAC inhibitors was accompanied by a decrease in GABAergic 
transmission and an increased histone acetylation (H3K9) at Bdnf 
promoter I (Vetencourt et al. 2011). The reactivation of critical period 
plasticity in these studies was correlated with increased histone 
acetylation after treatment with HDAC inhibitors. Owing to the 
nonspecific effects of many HDAC inhibitors, it is unclear if the 
reactivation of plasticity is a result of increased histone acetylation or 
due to other molecular mechanisms. To investigate specific HDACs 
involved in establishing critical period plasticity, specific HDAC 
knockouts have been investigated.  
Studies have investigated the effect of knocking out HDAC1 or HDAC2 
on synaptic plasticity in the mouse hippocampus and visual cortex. In 
the hippocampus, HDAC2 knockout mice have increased synaptic 
connections and facilitated memory formation (Guan et al. 2009). 
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Generally, histone acetylation levels at synaptic plasticity gene 
promoters increased with the deletion of either HDAC2 or HDAC1 
(Guan et al. 2009). Furthermore, studies in the visual cortex of mice 
with HDAC2 deletion in PV interneurons showed that PV interneuron 
number was reduced in adult mice and iLTD that occurs during the 
critical period was present (Nott et al. 2015). This suggests that 
epigenetic modifications by HDACs have an important role in regulating 
critical period plasticity.  
In this PhD project, the author is interested in understanding how 
epigenetic mechanisms influence PV interneuron maturation that is 
required for the onset of critical period plasticity in an experience-
dependent manner. The barrel cortex is an ideal model to study 
changes brought about by experience as whisker input can be easily 
manipulated by the removal of whiskers. Strong evidence from 
previous studies has suggested that BDNF and its experience-
dependent expression are crucial for the development of PV 
interneurons. Furthermore, studies with HDAC inhibitors have 
reactivated critical period plasticity in the visual cortex via BDNF 
(Putignano et al. 2007; Vetencourt et al. 2011) and improved absolute 
pitch perception in human subjects (Gervain et al. 2013). As each 
sensory modality has their unique differences, the following had to be 
resolved: 1. How does experience affect the development of PV 
interneurons in the S1. 2. Whether Bdnf transcription is negatively 
regulated by HDACs in an experience-dependent manner in the S1.  In 
the prsent study, the present author has analyzed the  synaptic 
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connections of PV interneurons, and the effects of sensory deprivation 
on BDNF expression and HDAC activity. HDAC1 expression and 
activity increased with sensory deprivation, leading to a decrease in 
histone acetylation of Bdnf promoters in S1. Most importantly, the 
present author demonstrated a correlation between HDAC1, BDNF 
expression and PV interneuron plasticity.  
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Summary and statement of purpose 
The effect of sensory deprivation during the critical period is known to 
delay the maturation of inhibitory interneuron circuitry. One of the key 
signalling factors shown to regulate the maturation of inhibitory 
interneurons is BDNF. However, the molecular mechanisms underlying 
activity-dependent BDNF expression during the critical period are still 
unclear.  
The main objectives for this PhD project are: 
1. to determine the effect of whisker deprivation on PV inhibitory 
synapses (Chapter 2); 
2. to examine the effect of whisker deprivation on BDNF 
expression regulating perisomatic inhibitory synapses (Chapter 
3); 
3. to examine the effect of whisker deprivation on HDAC1 activity 
and expression (Chapter 4); 
4. to examine if HDAC1 expression negatively correlates with 
BDNF and parvalbumin expression during the critical period of 
parvalbumin interneuron development and innervation  (Chapter 
5); 
5. to determine if HDAC1 acts as an epigenetic regulator of BDNF 
expression during the critical period of parvalbumin interneuron 
development and innervation (Chapter 6). 
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Chapter 2 Neonatal whisker deprivation negatively affects 
parvalbumin interneurons 
2.1 Background and objectives 
During certain time windows of postnatal development, sensory 
deprivation leads to modifications of the inhibitory circuits (Hensch 
2005; Hooks and Chen 2007; Dorrn et al. 2010; Bengoetxea et al. 
2012). Not only are these modifications structural, they also lead to 
decreased inhibitory function. In particular, perisomatic inhibitory 
synapses formed by PV interneurons around pyramidal neurons and 
subsequently inhibitory transmission are downregulated by sensory 
deprivation (Chattopadhyaya et al. 2004; Jiao et al. 2006). Besides 
downregulating PV positive synapses, the expression of PV itself is 
decreased with sensory deprivation (Cellerino et al. 1992; Patz et al. 
2004; Tropea et al. 2006).  
A previous study showed that chronic whisker mechanosensory 
deprivation in neonates until adolescence results in decreased PV 
interneuron mediated transmission to layer II/III pyramidal neurons of 
the cerebral cortex (Lo 2014). The mechanisms underlying these 
changes are not yet clear. The initial objective of the current work is 
therefore to identify molecular changes caused by chronic whisker 
deprivation on synaptic plasticity and development of PV interneurons 
in cortical layers II/III.  
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2.2 Materials and methods 
Animals 
C57BL/6 wild type mice were handled and housed in standard 
conditions. All animals were maintained on a 12 hr light/dark (LD) cycle 
and had access to food and water ad libitum. All animal protocols were 
approved by the Institutional Animal Care and Use Committee (IACUC) 
of the Biopolis Resource Centre, A*STAR.  
 For sensory deprivation, all neonates in the litter were anaesthetized 
by indirect cooling on ice to avoid frost burns. All large mystacial 
whiskers on the right cheek (from rows A to E and arcs 0 to 6, including 
α. Β, γ and δ whiskers) were removed by tweezers, followed by light 
cauterization of whisker follicles using a custom-made cautery device 
(Figure 2.1A, B). To simulate perturbation of whiskers due to plucking, 
the whiskers on the left cheek were stroked by tweezers as a control. 
After cauterization, the pups were monitored for recovery from 
anaesthesia in a warm cage before they were returned to the nursing 
dams. The pups were reared to P30 and sacrificed. Brains were 
removed immediately and washed 3 times in ice-cold phosphate 
buffered saline (PBS) (137mM NaCl, 2.7mM KCl, 10mM Na2HP04, 
2mM KH2PO4, pH 7.4). Samples were excised under a dissecting 
microscope (Olympus SZ61) and snap frozen.   
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Figure 2.1 The whisker deprivation experimental paradigm. A) 
Mice are unilaterally whisker deprived from birth (P0) till adolescence 
(P28-30). The effects of whisker deprivation on S1 are contralateral to 
the whisker pad (red). The undeprived S1 receives stimuli from the 
intact whisker pad (blue).B) Diagram depicting arrangement of 
whiskers on the whisker pad. The 24 largest whiskers are located in 
rows A to E, plus 4 Greek letter-marked whiskers. The arrangement of 
whiskers corresponds to anatomical structures known as “barrels” in 
layer IV of the primary somatosensory cortex (S1).  
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Immunofluorescence 
Mice were fixed with 4% paraformaldehyde via cardiac perfusion. 
Brains were extracted carefully, post-fixed for 2 hours with 4% 
paraformaldehyde and cryoprotected in 30% sucrose-buffered fixative 
overnight. Perfused brains were sectioned at 30 µm thickness by a 
cryostat. The sections were then blocked with goat serum (Sigma 
Aldrich) and incubated with appropriate dilutions of primary and 
secondary antibodies. Immunofluorescence imaging was performed 
with a confocal laser-scanning microscope (Nikon A1). Images settings 
were optimized with the control wild type sections and kept constant for 
all other acquisitions.  
Antibodies used for immunohistochemistry  
Primary antibodies used: Mouse anti-PV antibody (PV235) 1:200 
(Swant Inc.), Rabbit anti-PV antibody (PV28) 1:200 (Swant Inc.),  
Mouse anti-MAP2 antibody (MAB3418) 1:200 (Millipore), Rabbit anti-
VGAT antibody (AB5062P) 1:500 (Millipore), 4',6-diamidino-2-
phenylindole (DAPI, 1mg/ml, 1:200). Secondary antibodies used: 
Secondary antibodies include Alexa Fluor® 546 goat anti-rabbit IgG 
(A11035) 1:200, Alexa Fluor® 488 goat anti-mouse IgG (A11001) 
1:200 (Molecular Probes).  
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Image analysis  
Fluorescence imaging and quantification for synapse number were 
conducted as previously described (Ippolito & Eroglu 2010). Briefly, 
brain sections were imaged at 0.33 µm intervals over a depth of 5 µm. 
3 consecutive z-stack images representing 1 µm of depth were then 
merged (maximum intensity projection, MIP) for quantification. In a 
blinded fashion, the Puncta Analyzer plug in (written by Bary Wark, and 
is available upon request at c.eroglu@cellbio.duke.edu) for ImageJ 
1.26 was used for quantification.  
Quantification of PV soma immunofluorescence intensity 
Fluorescence intensity of PV is measured by ImageJ. Brain sections 
were imaged at 5 µm intervals over a depth of 20 µm. In a blinded 
fashion, a region of interest (ROI) was selected based on PV staining 
and background was measured by sampling surrounding areas. 
Corrected total cell fluorescence (CTCF) was calculated using this 
formula:  
CTCF = integrated pixel density – (area of ROI x mean fluorescence of 
background).  
Real-time quantitative PCR 
RNA was extracted from frozen tissue, according to manufacturer’s 
instructions, using RNeasy Lipid Tissue Mini Kit (Qiagen).RNA was 
converted to cDNA using the high capacity cDNA Reverse 
Transcription kit (Applied Biosystems). Real-time qPCR was performed 
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using Taqman primers for Pvalb (Mm00443100_m1) (Applied 
Biosystems) on the FAST7900HT (Applied Biosystems) machine. All 
analyses were done on the RQ Manager (Applied Biosystems) 
provided with the machine. Samples were normalized to their 
respective standard condition. ΔΔCT values were calculated with two 
housekeeping genes: 18s (Hs99999901_s1) and β-actin 
(Mm02619580_g1). The final fold-change is presented as the average 
of the two values. 
SDS PAGE and western blot analysis  
Frozen tissue was homogenized in ice-cold radioimmunoprecipitation 
assay (RIPA) buffer (50mM Tris, 150mM NaCl, 0.5% sodium 
deoxycholate, 1% Triton-X100, pH7.4) containing Complete Protease 
inhibitor cocktail  (Roche). The mixture was subsequently centrifuged 
at 10,000 x g for 10 minutes and the supernatant collected and the 
protein concentrations measured with the Prostain protein 
quantification kit (Active Motif). 
Treated mouse brain lysate were separated on 15% polyacrylamide gel 
and transferred to polyvinylidene difluoride (PVDF) membranes. The 
membranes were blocked with Odyssey blocking buffer (LI-COR 
Bioscience) at room temperature for 1 hour. Subsequently, they were 
incubated at 4⁰C, overnight with primary antibodies. After incubation 
with primary antibodies, the PVDF membranes were washed with Tris-
buffered saline with 0.05% v/v Tween-20 (TBS-T) and incubated with 
secondary antibodies. Upon washing with TBS-T, detection was 
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performed with the Odyssey Infrared Imaging System (LI-COR 
Bioscience). 
Antibodies used for Western blot 
Primary antibodies used: Goat anti-PV 1:1000, 12kDa (Swant 
Inc.,PVG-214) and Mouse anti-β-actin 1:10000, 42kDa (Invitrogen, 
A228). Secondary antibodies used: Alexa Fluor® 680 goat anti-mouse 
IgG 1:3000 (Molecular Probes, A-21057) and IRDye 800CW goat anti-
mouse 1:3000 (LI-COR Bioscience, 926-32210). 
Densitometry and Statistical analysis 
Densitometry analysis was performed using Image J. Quantified optical 
densities PV immunoreactivity bands were normalized to the respective 
β- actin bands. The normalized data in arbitrary units (A.U.) were 
plotted using GraphPad PRISM Version 6 (GraphPad Software Inc, 
CA, USA), and all data were expressed as mean ± SEM, except for 
figures 2.2C, D and 2.3E, which were shown as median values. Error 
bars indicate SEM. Numerical quantities were rounded up to 2 decimal 
places. All statistical analyses were performed using two-tailed paired 
t-test unless otherwise stated. For analyses of figures 2.2C, D and 
2.3E, normality testing was done by Pearson’s test for normality. Data 
that did not pass tests for normality were analyzed with nonparametric 
Wilcoxon matched-pairs signed rank test.  
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2.3 Results 
2.3.1 Whisker deprivation decreases inhibitory PV – layer 2/3 
pyramidal neuron perisomatic synapses  
To determine the effects of whisker deprivation on perisomatic 
inhibitory synapses, neonates were unilaterally whisker deprived from 
P0 to P30 (Figure 2.1A, B). At P30, the mice were perfused and 30 µm 
brain cryosections were prepared. These sections were then 
immunostained with antibodies against microtubule-associated protein 
2 (MAP2) and PV. MAP2 is a protein localized at the soma and in 
dendrites of neurons. It associates with microtubules to determine and 
stabilize dendritic shape and is a marker for the somatodendritic 
domain of mature neurons (Caceres et al. 1984; Chamak et al. 1987). 
The immunolabeled sections were imaged with a confocal microscope 
and PV puncta colocalizing with MAP2 staining on layer II/III pyramidal 
neuron somas were counted (n=4 biological replicates, N =240 soma; 
Figure 2.2A). The total number of PV puncta counted was averaged 
across the number of somas counted. The number of PV puncta 
colocalizing with MAP2 was decreased in whisker-deprived sections by 
24% per soma section compared to the undeprived sections (Wilcoxon 
matched-pairs signed rank test, P<0.001; Figure 2.2B). To ascertain 
that the PV puncta indeed correspond to inhibitory synapses, the 
sections were immunostained with vesicular GABA transporter (VGAT) 
and PV antibodies and observed for co-localization (n=3 biological 
replicates, N =180 soma; Figure 2.2C).   
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Figure 2.2 Whisker deprivation from birth decreases inhibitory 
parvalbumin perisomatic synapses. A) Representative 
photomicrograph of MAP2 (green) and PV (red) immunostaining in 
undeprived (UD) and deprived (D) S1 (n=4; Scale bar, 5 µm). 
Arrowheads indicate colocalization of MAP2 and PV B) PV positive 
perisomatic boutons around layer II/III pyramidal neurons as assessed 
by the Puncta Analyzer software are decreased in deprived sections 
(n=4, N=240 soma; Scale bar 5 µm). C) Representative 
photomicrograph of  VGAT (green) and PV (red) immunostaining in 
undeprived (UD) and deprived (D) S1 (n=3, N = 180 soma; Scale bar, 5 
µm). Arrowheads indicate colocalization of VGAT and PV D) VGAT+ 
PV positive perisomatic boutons around layer II/III pyramidal neurons 
are decreased in deprived sections (n=3, N(number of soma)=180). 
Results are shown as a scatter plot showing range of values, with the 
bar representing the median, **P<0.001. Wilcoxon matched-pairs 
signed rank test was done at 95% confidence level for statistical 
comparison. 
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VGAT is a transporter protein of GABAergic neurons, and a commonly 
used marker to identify GABAergic synapses (Chaudhry et al. 1998). 
The total number of PV puncta colocalized with VGAT were counted in 
the same manner as described above and these were noted to be 
decreased in whisker-deprived sections by 22% per soma section 
compared to undeprived sections (Wilcoxon matched-pairs signed rank 
test, P<0.001; Figure 2.2D).  
2.3.2 Whisker deprivation decreases PV expression suggesting 
decrease in PV interneurons 
Previous sensory deprivation studies have demonstrated a decrease in 
PV expression and PV interneurons (Cellerino et al. 1992; Patz et al. 
2004; Tropea et al. 2006). To determine if the whisker deprivation 
paradigm has a similar effect on PV interneurons, PV expression was 
measured by qPCR, western blot and immunohistochemistry. Firstly, 
Pvalb mRNA expression was decreased by 23% in whisker-deprived 
primary somatosensory cortex (S1) compared to undeprived S1 (n=5, 
P=0.017; Figure 2.3A). Measurements of PV protein by Western 
immunoblot also showed a quantitatively similar decrease by 35 % in 
sensory deprived S1 compared to undeprived S1 (n= 3, P = 0.03; 
Figure 2.3B, C) .Quantification of PV immunofluorescence showed that 
the PV positive interneurons in the sensory deprived S1 cortices had 
decreased PV expression 24% compared to the undeprived S1 
cortices (n=3, N=180 soma, P<0.001; Figure 2.3D).  
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Figure 2.3 Whisker deprivation from birth decreases parvalbumin 
expression. A) Pvalb mRNA expression is decreased with whisker 
deprivation (n=5, normalized to the levels of β-actin and 18S; relative to 
undeprived cortex of the same animal). B) A representative immunoblot 
of PV (12kD) and β-actin (42kD). C) Densitometric quantification of PV 
protein expression. Results are represented as relative amount of PV 
to undeprived barrel cortex of same animal normalized to β-actin (n=3). 
D) Representative photomicrograph of PV immunostaining in whisker 
Undeprived (UD) and Deprived (D) from coronal sections of S1 (n=3, 
N=180 soma; Scale bar, 20µm). Arrowheads point to PV interneuron 
soma. E) PV immunofluorescence is decreased in whisker-deprived 
sections. Results are shown as mean ± SEM (Figure 2.3A, C) or as a 
scatter plot showing range of values (Figure 2.3E), with the bar 
representing the median *P<0.05, **P<0.001. Two-tailed paired t-test 
was done at 95% confidence level for statistical comparison.  
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2.4 Discussion 
The primary visual cortex and barrel cortex are popular models for 
studying sensory deprivation research as sensory input can be easily 
manipulated. However, there are differences in the neural pathway 
between each model. In the barrel cortex, each whisker is represented 
by one barrel column and input to the primary somatosensory area is 
restricted to the contralateral whisker pad. This arrangement in the 
barrel cortex allows the effect of sensory deprivation and competition 
between barrel columns to be studied in the same animal. Whereas the 
primary visual cortex receives inputs from both eyes, the primary visual 
cortex ipsilateral to the deprived eye is also affected and cannot be 
used as a control (Fox et al. 2005). The role of PV interneuron 
maturation in the closure of critical period plasticity has been well 
studied in the primary visual cortex (Hensch 2005), but is less clear in 
the barrel cortex.  
The expression of PV is experience-dependent. Dark-rearing and 
monocular deprivation studies in the visual cortex and whisker 
deprivation studies have both shown that sensory deprivation leads to 
decreased PV expression and a corresponding decrease in numbers of 
PV interneurons detected (Cellerino et al. 1992; Jiao et al. 2006; 
Sommeijer et al. 2012). These studies also suggest that sensory input 
experience is required for the maturation of inhibitory circuits. The 
biochemical data demonstrates that decreased inhibitory transmission 
observed (Lo 2014), is correlated with decreased PV expression and 
reduction of PV perisomatic synapses on pyramidal layer II/III neurons. 
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Although the whisker deprivation method differs from those of previous 
methods as it includes light cauterization, these observations are 
congruent with other sensory deprivation studies showing a correlation 
between decrease in inhibitory transmission and PV expression (Jiao 
et al. 2006; Patz et al. 2004; Jiao et al. 2011). The data provides novel 
insight that it is not just layer IV perisomatic PV synaptic connections 
that are decreased by whisker deprivation, but also layer II/III PV 
synaptic connections to pyramidal neurons.   
However, there are potential caveats to the interpretations above. As 
PV expression is decreased, it is not possible to determine if synaptic 
connections between PV interneurons and layer II/III pyramidal 
neurons are truly eliminated. The synaptic connections may still be 
present, but due to the low amount of PV protein may not be visually 
detected by immunohistochemistry. Furthermore, the present author 
cannot conclude with certainty that PV interneuron numbers are 
unaffected by whisker deprivation. Could it be that the decrease in 
synaptic connections and PV protein measured be a result of 
decreased PV interneuron number, rather than having no change in the  
number of PV interneurons making less synaptic connections and 
expressing less PV.  
PV is a calcium binding protein, and its expression first appears in the 
S1 from P11 onwards and further increases until adulthood (Schleef et 
al. 1992; Del Rio et al. 1994). As the appearance of PV is correlated 
with age, it can be used as a marker of PV interneuron maturity. 
Hence, decreased PV expression in the sensory deprived S1 suggests 
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that maturation of PV interneurons is negatively affected by the 
sensory deprivation. In PV-deficient mice, postsynaptic inhibition was 
not diminished. However, the gamma power was increased, thus 
affecting gamma oscillations which affect higher order cognitive 
functions (Vreugdenhil et al. 2003). Hence the decrease in 
postsynaptic inhibition observed (Lo 2014), cannot be directly attributed 
to decreased PV protein expression. Rather, the decreased inhibition 
maybe the result of immature PV positive interneuron circuitry. 
2.5 Conclusion 
Whisker deprivation has an effect on PV expression, a marker for PV 
interneuronal circuit maturation. As both inhibitory circuitry maturation 
and PV expression are experience-dependent, PV can therefore be 
used a correlative marker for interneuron development. The data also 
suggest that a decrease in PV perisomatic synapses may explain the 
decreased inhibitory transmission observed earlier.  
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Chapter 3 Neonatal BDNF expression is experience-dependent 
and decreases with whisker deprivation 
3.1  Background and objectives 
Studies have demonstrated the importance of the neurotrophin BDNF 
in GABAergic transmission and also for PV interneuron development 
(Huang et al. 1999; Itami et al. 2007; Sakata et al. 2009; Jiao et al. 
2011). In the previous chapter, it was shown that whisker deprivation 
decreased synaptic connections between PV interneurons and layer 
II/III pyramidal neurons, as well as PV expression. The present author 
hypothesized that synaptic genes regulating the development of PV 
interneurons could be down-regulated by sensory deprivation. 
Deprivation of visual stimuli was previously shown to result in 
decreased Bdnf transcripts in the mouse primary visual cortex (V1) 
(Bozzi et al. 1995). On the other hand, when whiskers of adult mice 
were stimulated over an extended period of time, Bdnf transcripts 
increased in the S1(Rocamora et al. 1996). These studies suggest that 
BDNF expression is experience-dependent. Furthermore, it was also 
discovered that uncoupling experience-dependent expression of BDNF 
and experience by knocking out Bdnf IV transcripts resulted in delayed 
development of PV interneurons and decreased inhibitory function 
(Jiao et al. 2011). Another study demonstrated that early expression of 
BDNF resulted in the accelerated maturation of PV interneurons and 
inhibitory function in the mouse V1 region (Huang et al. 1999). Existing 
evidence therefore suggests that expression of BDNF is experience-
dependent and is important for PV interneuron maturation. In 
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experiments outlined in this chapter, the present author investigated 
how BDNF expression was affected by whisker deprivation.  
3.2  Materials and methods 
Animals 
C57BL/6J wild type mice were handled and housed in standard 
conditions. Sensory deprivation and tissue( deprived (D) and 
undeprived (UD) were collected as described in Chapter 2. Mice with 
no whisker pertubation from birth until P30 were used as additional 
controls (Ctrl). All animal protocols were approved by the Institutional 
Animal Care and Use Committee (IACUC) of the Biopolis Resource 
Centre, A*STAR.  
Real-time quantitative PCR 
RNA was reverse transcribed to cDNA as described in Chapter 2. 
Real-time qPCR was performed using SYBR green primers on the 
FAST 7900HT (Applied Biosystems) machine. The primer sets used 
were:  
Bdnf P1 forward: AGTTGCTTTGTCTTCTGTAGTCGC;  
Bdnf P1 reverse: CCTGGAGACTCAGTGTCTTA; 
Bdnf P2 forward: AGCCGCAAAGAAGTTCCACCAG;  
Bdnf P2 reverse: CGCCTTCATGCAACCGAAGTATG;  
Bdnf P3 forward: TTGGAGGGCTCCTGCTTCTC;  
Bdnf P3 reverse: GGATGGTCATCACTCTTCTCACCT;  
Bdnf P4 forward: CAGGAGTACATATCGGCCACCA;  
Bdnf P4 reverse: GTAGGCCAAGTTGCCTTGTCCGT; 
Gapdh forward: CTCCCAGGAAGACCCTGCTT; 
Gapdh reverse: GGAACAGGGAGGAGCAGAGA; 
β-actin forward: CCACTGCCGCATCCTCTTCC; 
β-actin reverse: CTCGTTGCCAATAGTGATGACCTG 
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All analysis was done on the RQ Manager (Applied Biosystems) 
provided with the machine. Samples were normalized to the respective 
undeprived S1. ΔΔCT values were calculated with two housekeeping 
genes: Gapdh and β-actin. The final fold-change is presented as the 
average of the two values. 
SDS PAGE and Western blot 
Mouse brain lysate preparation, protein quantification, SDS PAGE and 
Western blot analysis was conducted as described in Chapter 2. Rabbit 
Anti-CREB (48H2) 1:1000, 43kDa (Cell Signaling), Rabbit Anti-pCREB 
(Ser133) (06-519) 1:1000, 43kDa (Millipore), Rabbit Anti-BDNF (H-117) 
1:500, 14kDa (Santa Cruz) and Mouse anti-β-actin (A228) 1:10000, 
42kDa (Invitrogen), Mouse anti-β-tubulin (T0198) 1:10000, 50kDa 
(Invitrogen) were used at the dilutions indicated.  
Densitometry and Statistical analysis 
Densitometry analysis was performed using Image J. Quantified optical 
densities pCREB and CREB immunoreactivity bands were normalized 
to the respective β-tubulin bands. The data were expressed as 
pCREB/CREB ratio. BDNF immunoreactivity bands were normalized to 
the respective β-actin bands. The normalized data in arbitrary units 
(A.U.) were plotted using GraphPad PRISM Version 6 (GraphPad 
Software Inc, CA, USA), and all data are expressed as mean ± SEM. 
All statistical analyses were performed using two-tailed paired t-test 
unless otherwise stated. BDNF expression between treatment groups 
were analyzed with one-way ANOVA with Sidak correction for multiple 
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comparisons. Error bars indicate SEM. Numerical quantities were 
rounded up to 2 decimal places. 
3.3  Results 
3.3.1 Decreased neuronal activation leads to a decrease in CREB 
phosphorylation upstream of Bdnf gene transcription 
Decreased neuronal activation is associated with decreased gene 
transcription mediated by different signaling pathways (Flavell et al. 
2008). Co-activators and transcription factors are recruited to promoter 
regions to drive gene transcription of activity-regulated genes such as 
Bdnf. One such co-activator is CREB. When there is neuronal 
activation, influx of Ca2+ triggers phosphorylation of CREB by protein 
kinases. Phosphorylated CREB (pCREB) binds to the CRE to drive 
Bdnf mRNA transcription (Figure 3.1A) (Shieh et al. 1998; Tao et al. 
1998; Zheng et al. 2012). To determine if limited whisker trimming 
actually resulted in a measurable reduction in neuronal activity that 
could affect gene transcription, pCREB/CREB ratios were measured as 
a proxy. In whisker-deprived samples, the pCREB/CREB ratio in 
deprived samples decreased by 30% relative to undeprived samples 
(n=3, P=0.04; Figure 3.1B). This result suggests that the whisker 
deprivation paradigm used could result in decreased neuronal activity 
and a moderate but measurable lowering of CREB phosphorylation 
that could in turn decreased gene transcription.   
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Figure 3.1 Sensory deprivation decreases neuronal activation 
resulting in decreased CREB phosphorylation. A) Schematic of how 
neuronal activity causes CREB phosphorylation and binding to CRE to 
drive Bdnf transcription. B) A representative immunoblot of pCREB, 
CREB and β-tubulin and densitometric quantification of pCREB and 
CREB protein expression. Results are represented as ratio of 
pCREB/CREB between undeprived (UD) and deprived (D) barrel 
cortex from same animal (n=3) and shown as mean ± SEM, *P<0.05. 




3.3.2 Whisker deprivation during critical period results in decreased 
promoter specific Bdnf mRNA transcripts and BDNF expression 
Gene transcription at Bdnf promoters I to IV have been previously 
shown to be responsive to neuronal activation (Figure 3.2A) (Oliff et al. 
1998; Rattiner et al. 2004; Pattabiraman et al. 2005). Bdnf promoter I 
and IV regions have CRE sequences where pCREB binds to and 
drives gene transcription at these promoters (Tao et al. 1998; Tabuchi 
et al. 2002). To determine if Bdnf is downregulated by decreased 
neuronal activation in whisker-deprived samples, real-time qPCR was 
used to measure Bdnf transcripts from different promoters. In whisker-
deprived samples, Bdnf promoter I transcript decreased by 54% (n=5, 
P<0.01), promoter II transcripts by 58% (n=5, P<0.01), promoter III 
transcripts by 21% (n=3, P=0.02) and promoter IV transcripts by 49% 
(n=5, P=0.02) respectively (Figure 3.2B). Western blots show that 
BDNF protein expression is decreased by 31% (n=3, one-way ANOVA, 
P=0.04) in whisker-deprived samples relative to undeprived samples 
and 35% (n=3, one-way ANOVA, P=0.04) relative to P30 control 
samples (no whisker perturbation) (Figure 3.2C, D). Difference in 
BDNF expression between S1 of control mice and undeprived samples 
was not statistically significant (n=3, one-way ANOVA, P=0.65; Figure 
3.2C, D).  
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Figure 3.2 Sensory deprivation decreases Bdnf mRNA transcripts 
and BDNF protein expression A) Diagram of the Bdnf gene structure 
(drawn as described Aid et al. 2007). Promoter regions are marked by 
roman numerals I-IX and 3’ coding region is shaded. B) Bdnf promoter 
I-IV mRNA transcripts are decreased with whisker deprivation (n= 3 or 
5, normalized to the levels of β-actin and GAPDH; relative to 
undeprived cortex of the same animal).  C) A representative 
immunoblot of BDNF and β-actin. D) Densitometric quantification of 
BDNF protein expression. Results are represented as relative amount 
of BDNF in undeprived (UD) and deprived (D) barrel cortex to control 
animal (Ctrl) normalized to β-actin (n=3) and shown as mean ± SEM, 
*P<0.05, **P<0.01. Two-tailed paired t-test was done at 95% 
confidence level for statistical comparison for Figure 3.2B. One-way 
ANOVA with Sidak correction for multiple comparisons was done at 




Whisker deprivation results in decreased neuronal activation in the 
deprived barrels of S1. From the data, it is evident that reduction in 
neuronal activation is reflected by a reduction in the activation of the 
co-activator CREB via its phosphorylation. As pCREB binds to CRE 
sequence at Bdnf promoters I and IV (Tao et al. 1998; Tabuchi et al. 
2002), Bdnf transcripts from these promoters were expectedly 
decreased. However, decreased transcription was also observed at 
Bdnf promoters II and III. This suggests that experience-dependent 
expression of Bdnf transcripts also involves other, CREB-independent 
molecular mechanisms.  
Based on previous studies, a reduction in BDNF would result in 
delayed maturation and decreased inhibitory function of PV 
interneurons at layer IV (Jiao et al. 2011; Itami et al. 2007). The 
collective decrease in Bdnf transcripts resulted in decreased BDNF 
expression. This may account for the novel observations made in 
Chapter 2, whereby PV expression, synaptic connections and inhibitory 
function of PV interneurons are also all decreased at layer II/III. 
3.5 Conclusion 
As a result of whisker deprivation, the expected reduction in neuronal 
activation resulted in a measurable overall decrease in pCREB. One of 
these CREB regulated genes downregulated is Bdnf and previous 
studies have shown that it plays an instrumental role in maturation of 
PV interneurons. My data shows that Bdnf transcripts from promoters I-
IV and BDNF expression are decreased as a result of whisker 
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deprivation. Although this reduction could be partially explained by a 
moderate decrease in CREB activation, the reduction in Bdnf 
transcription from its 4 promoters (particularly those without a 
recognizable CRE) likely occurred via other mechanisms.  
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Chapter 4 HDAC activity and HDAC1 expression increases with 
whisker deprivation  
4.1 Background and objectives 
Gene expression triggered by neuronal activation is regulated by a 
myriad of molecular mechanisms, involving interaction between the 
chromatin and networks of chromatin modifying proteins (Alberini 2009; 
West et al. 2002). In the previous chapter, the reduction in neuronal 
signaling was shown to result in a moderate decrease in CREB 
phosphorylation, which would reduce its co-activation of Bdnf 
transcription. As the decrease in pCREB alone is likely insufficient to 
account for the appreciably larger decrease in Bdnf transcription, the 
present author hypothesizes that other molecular mechanisms are in 
involved in the transcriptional regulation of Bdnf. One such mechanism 
is epigenetic in nature, by which gene transcription is affected by 
external factors (i.e. neuronal activation) that switch genes on or off by 
affecting how the cellular mechanism transcribes genes rather than 
through mutational changes in DNA sequence (Sweatt 2013).  
Histone deacetylases (HDACs) are a family of chromatin modifying 
enzymes that regulate the epigenome. They remove acetyl groups 
from histone tails to maintain chromatin in a condensed state that 
correlates with repression of transcription. Previous studies have 
demonstrated that treatment with HDAC inhibitors in the hippocampus 
of mice increased the number of synapses and dendritic sprouting, 
which may be correlated with increased synaptic gene expression 
(Fischer et al. 2007). Furthermore, treatment with a common HDAC 
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inhibitor, trichostatin A, with visual stimuli paradigm increased CREB-
mediated gene expression and histone H3-H4 post-translational 
modifications in adult mice, which mirrors the effects of visual stimuli in 
juvenile mice (Putignano et al. 2007). The HDAC family has 18 
members, of which 11 are considered “classical” members and belong 
to class I, II and IV. The class III members, or the sirtuins, are NAD+-
dependent enzymes which are insensitive to HDAC inhibitors that 
inactivate zinc-dependent HDACs (Witt et al. 2009). A study that 
investigated specific functions of HDACs during development showed 
that specific knock out of HDAC1 and HDAC2 increased maturation of 
excitatory synapses and increased number of synapses (Akhtar et al. 
2009) . As the function of HDACs in experience-dependent gene 
regulation is unclear in the barrel cortex, the objective of the 
investigations described in this chapter was to determine if HDAC1 
and/or HDAC2 has a role in experience-dependent regulation of Bdnf 
and Pvalb transcription. 
4.2 Methods and materials 
Animals 
C57BL/6J wild type mice were handled and housed in standard 
conditions. Sensory deprivation and tissue was collected as described 
in Chapter 2. Mice with no whisker pertubation from birth until P30 
were used as additional controls (Ctrl). All animal protocols were 
approved by the Institutional Animal Care and Use Committee (IACUC) 
of the Biopolis Resource Centre, A*STAR.  
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HDAC activity assay  
Nuclear extracts from frozen mouse brains were prepared with the 
Nuclear Extract Kit (Active Motif). 20 µg of nuclear extracts from each 
sample were then assayed for HDAC activity using the HDAC 
Fluorometric Assay/Drug Discovery Kit (Enzo Life Sciences). 
Experiments were performed according to manufacturer’s instructions. 
HDAC1 immunoprecipitation (IP) and activity assay  
Nuclear extracts were pooled from two P30 S1 tissue samples (from 
one hemisphere) to obtain sufficient nuclear protein for 
immunoprecipitation (IP). For each IP, 50µg of nuclear protein was 
immunoprecipitated with Rabbit Anti-HDAC1(3601-100) 2µg 
(BioVision) or Rabbit Anti-IgG (PP64) 2µg (Millipore) in 500µl of  
phosphate buffered saline (PBS) (137mM NaCl, 2.7mM KCl, 10mM 
Na2HP04, 2mM KH2PO4, pH 7.4) containing Complete Protease 
inhibitor cocktail (Roche). The samples were incubated overnight on a 
rotary mixer at 4⁰C. Protein-G sepharose beads (GE Healthcare) were 
washed twice with 1ml of PBS, followed by centrifugation at 14000g for 
30s and aspiration between washes. The beads were resuspended as 
a 50% slurry in PBS and 25 µl was added to each IP reaction, followed 
by 1hr incubation on a rotary mixer at 4⁰C. HDAC1 activity was 
assayed using the HDAC Fluorometric Assay/Drug Discovery Kit (Enzo 
Life Sciences) according to the manufacturer’s instructions. 
SDS PAGE and Western blot 
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Mouse brain lysate preparation, protein quantification, SDS PAGE and 
Western blot analysis was conducted as described in Chapter 2. Rabbit 
Anti-HDAC1(3601-100) 1:1000, 63kDa (BioVision), Rabbit Anti-HDAC2 
(3602-100) 1:1000, 55kDa (BioVision) and Mouse anti-β-actin (A228) 
1:10000, 42kDa (Invitrogen) were used at the dilutions indicated.  
Chromatin immunoprecipitation (ChIP) 
Twelve pieces of frozen S1 cortices (grouped by treatment) were 
pooled from 12 mice were fixed with 1% formaldehyde and quenched 
with glycine. The fixed tissue was lysed in lysis buffer (50mM Tris pH 
8.0, 10mM EDTA, 1% SDS) and a protease inhibitor mixture (Roche 
Diagnostics) and homogenized with a hand-held homogenizer for 80 
strokes. The chromatin was extracted, sheared with the Diagenode 
Bioruptor for twenty-five 30-sec intervals on high setting, and 
immunoprecipitated according to the Low Cell ChIP kit protocols 
(Diagenode). Samples were incubated with ChIP-grade antibodies 
overnight on rotary mixer at 4 °C: 4µg of Rabbit-anti HDAC1 
(Diagenode, pAb-053-050), 4µg of Mouse-anti HDAC2 (Millipore, 17-
10237), 4 µg of Rabbit-anti AcH3 (Millipore, 06-599), 4µg of Rabbit-anti 
AcH4 (Millipore 06-598). For controls, samples were also incubated 
with respective normal mouse IgG antibodies (Millipore, PP54) or 
normal rabbit IgG antibodies (Millipore, PP64). The immune-complexes 
were pulled down with magnetic beads, followed by a reversal of the 
crosslink with 5M NaCl. The DNA was treated with RNase A and 
Proteinase K and purified with phenol-chloroform. The 
immunoprecipitated chromatin was quantified by real-time quantitative 
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PCR on FAST7900HT (Applied Biosystems) using SYBR-Green 
mastermix (Applied Biosystems), using 10% input. Primers used in this 
study were as followed: 
 Bdnf promoter I forward: TGATCATCACTCACGACCACG; 
Bdnf promoter I reverse: CAGCCTCTCTGAGCCAGTTACG;  
Bdnf promoter II forward: TGAGGATAGTGGTGGAGTTG; 
Bdnf promoter II reverse: TAACCTTTTCCTCCTCC; 
Bdnf promoter III forward: GTGAGAACCTGGGGCAAATC;  
Bdnf promoter III reverse: ACGGAAAAGAGGGAGGGAAA;  
Bdnf promoter IV forward: GCGCGGAATTCTGATTCTGGTAAT; 
Bdnf promoter IV reverse: GAGAGGGCTCCACGCTGCCTTGACG; 
Pvalb promoter forward: GCCGGAGCCTATACAGAAA;  
Pvalb promoter reverse: GCCAGGGCTGTAGACTATTT 
 
The fold enrichment in immunoprecipitated protein was calculated by 
adjusting 10% input to 100% (Ct Input – log210) followed by calculating 
the percentage input (100*2^ (adjusted input -Ct (IP)) of sample. The 
dilution factor (DF) of IgG (1/IgG percentage input) was then multiplied 
by the percentage input of samples [DF (IgG)* (100*2^ (adjusted input -
Ct (IP)))] to obtain the fold enrichment (Figure 4.1).  
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Figure 4.1 Schematic of chromatin immunprecipitation (ChIP).2 
  
                                            
2 This figure was originally published in the journal of Frontiers in 
bioscience: a journal and virtual library. Collas, Philippe and Dahl, John 
Arne. Chop it, ChIP it, check it: the current status of chromatin 
immunoprecipitation. Frontiers in bioscience: a journal and virtual 
library. 2008;13;929-943. © Reproduced according to rights and 
permissions guidelines of (Frontiers in bioscience: a journal and virtual 
library), https://www.bioscience.org/rights-and-permissions  
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Densitometry and Statistical analysis 
Densitometric analysis was performed using Image J. Quantified 
optical densities HDAC1 and HDAC2 immunoreactivity bands were 
normalized to their respective β-actin bands. The normalized data in 
arbitrary units (A.U.) were plotted using GraphPad PRISM Version 6 
(GraphPad Software Inc, CA, USA), and all data were expressed as 
mean ± SEM. Statistical analyses were performed using two-tailed 
paired t-test for overall HDAC and HDAC1 activity assay. HDAC1 and 
HDAC2 protein expression were analyzed with one-way ANOVA with 
Sidak correction for multiple comparisons. Lastly, ChIP data were 
analyzed using two-tailed paired t-test as samples were pooled in a 
pair-wise manner for one technical replicate. Error bars indicate SEM. 
Numerical quantities were rounded up to 2 decimal places. 
4.3 Results 
4.3.1 Whisker deprivation increases HDAC1 activity and expression, 
but not those of HDAC2. 
Previous studies have demonstrated the effects of HDAC inhibitor 
treatment and knockout of HDAC1 and HDAC2 on synaptic formation 
and gene expression (Fischer et al. 2007; Putignano et al. 2007; Guan 
et al. 2009; Bahari-Javan et al. 2012). To investigate how HDAC1 and 
HDAC2 expressions and activities were affected by whisker 
deprivation, a fluorometric enzymatic assay was used to measure 
overall HDAC activity. A small but significant 19% increase in overall 
HDAC activity was observed in whisker-deprived S1 relative to 
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undeprived S1 was detected (n=6, P<0.01; Figure 4.2A). As 11 
different HDACs were measured in the assay, it was plausible that any 
significant increase in activity of a particular HDAC could be masked by 
the activities of other HDACs and was lost in the background noise.  
To determine whether HDAC1 or HDAC2 was upregulated by whisker 
deprivation, expression of HDAC1 and HDAC2 proteins were first 
measured by Western blot analysis. HDAC1 expression increased by 
1.9 fold (n=3, one-way ANOVA, P<0.01) with whisker deprivation 
relative to undeprived S1 and increased by 1.5 fold (n=3, one-way 
ANOVA, P=0.04) relative to control S1 from age-matched P30 mice 
(Figure 4.2B). HDAC1 expression in undeprived S1 was 0.8 fold 
relative to controls, however this fold-change did not reach significance 
(n=3, one-way ANOVA, P=0.37; Figure 4.2B). HDAC2 expression 
levels were similar between whisker-deprived and undeprived S1 (n=3, 
one-way ANOVA, P=0.99) and also similar to age-matched P30 control 
S1 samples (n=3, one-way ANOVA, P=1.00; Figure 4.2C). HDAC2 
expression in undeprived S1 relative to controls was similar (n=3, one-
way ANOVA, P=1.00; Figure 4.2C). Taken together, these results 
suggested that the expression of HDAC1 in S1 was activity-dependent, 
with decreased whisker activity results in increased HDAC1 expression 
and possibly vice versa.  
To further investigate if increased HDAC1 expression actually 
translates to an increase in HDAC1 activity, immunoprecipitation (IP) 
for HDAC1 was performed, and HDAC1 activity was assayed with the 
previously described fluorometric enzymatic kit. The results showed 
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that HDAC1 activity indeed increased by 59% in whisker-deprived S1 
relative to undeprived S1 (n=3, normalized to IgG, P=0.047; Figure 
4.2D). These findings suggested that whisker deprivation increased 
HDAC1 expression and the corresponding HDAC1 activity, and that the 
resulting increase in histone deacetylation may have led to repression 




Figure 4.2 HDAC1 activity and expression with whisker 
deprivation. A) Overall HDAC activity is increased with whisker 
deprivation (n=6, relative to undeprived cortex). B) A representative 
immunoblot of HDAC1 and β-actin. Densitometric quantification of 
HDAC1 protein expression. Results are represented as relative amount 
of HDAC1 to control animal barrel cortex normalized to β-actin (n=3). 
C) A representative immunoblot of HDAC2 and β-actin. Densitometric 
quantification of HDAC2 protein expression. Results are represented 
as relative amount of HDAC2 to control animal barrel cortex normalized 
to β-actin (n=3). D) HDAC1 activity is increased with whisker 
deprivation (n=3, normalized to IgG and relative to undeprived cortex). 
Results are shown as mean ± SEM, *P<0.05, **P<0.01. Two-tailed 
paired t-test was done at 95% confidence level for Figure 4.2A, D. 
One-way ANOVA with Sidak correction for multiple comparisons was 
done at 95% confidence level for Figure 4.2C, B. 
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4.3.2 Whisker deprivation increases HDAC1, but not HDAC2, binding 
to Bdnf promoter regions and decreases histone H3 and H4 
acetylation.  
Results from the previous section suggested that the increase in 
overall HDAC activity appeared to be largely driven by an increase in 
HDAC1 expression and activity. Chromatin immunoprecipitation (ChIP) 
was performed to determine the contribution of both HDAC1 and 
HDAC2 in regulating histone acetylation of chromatin associated with 
Bdnf promoters. Using antibodies against HDAC1, HDAC2, acetylated 
H3 (AcH3) and acetylated H4 (AcH4), chromatin fragments were pulled 
down and transcripts from Bdnf promoter I –IV were measured by real-
time qPCR. HDAC1 occupancy at the chromatin associated with Bdnf 
promoter I increased 1.7 fold (n=3, P=0.04), Bdnf promoter II increased 
2.2 fold (n=4, P=0.03) and Bdnf promoter III increased 4.8 fold (n=3, 
P=0.04), but not at Bdnf promoter IV (n=4, P=0.33) (normalized to IgG) 
(Figure 4.3A). ChIP perfomed with antibodies against HDAC2 showed 
that chromatin associated with Bdnf promoters I-IV were all not 
significantly enriched for HDAC2 with whisker deprivation (normalized 
to IgG; Figure 4.3B).  
Decrease in histone acetylation was observed with whisker deprivation. 
AcH3 marks on chromatin associated with Bdnf promoter I decreased 
2.2 fold (n=4, P=0.04), Bdnf promoter II decreased 3 fold (n=4, 
P<0.01), Bdnf Promoter III decreased 6.1 fold (n=3, P< 0.01) and Bdnf   
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 Figure 4.3 HDAC1, not HDAC2, binding to Bdnf promoters 
increases with whisker deprivation. A, B) Chromatin 
immunoprecipitation (ChIP) of whisker undeprived and deprived 
samples demonstrated binding for HDAC1 and HDAC2 at specific Bdnf 
promoter regions quantified according to the real-time qPCR signal 
(n=3 or 4, fold enrichment relative to IgG). C, D) Decreases in histone 
H3 and H4 acetylation at specific Bdnf promoter regions. Fragmented 
chromatin was immunoprecipitated with antibody recognizing AcH3 or 
AcH4 and quantified with real-time qPCR (n=3 or 4, fold enrichment 
relative to IgG). Results are shown as mean ± SEM, *P<0.05, 





promoter IV decreased 1.7 fold (n=4, P=0.02) (Figure 4.3C). Similarly, 
AcH4 marks on chromatin associated with Bdnf promoter III decreased 
2.8 fold (n=3, P=0.03) and Bdnf promoter IV decreased 2.2 fold (n=3, 
P=0.02; Figure 4.3D).  
4.3.3 Whisker deprivation increases HDAC1 and HDAC2 binding to 
Pvalb promoter region and decreases histone acetylation.  
To investigate if HDAC1 and HDAC2 are also involved in activity-
dependent regulation of Pvalb transcription, real-time qPCR was used 
to measure Pvalb transcripts and associated chromatin fragments 
bound to HDAC1/2. Whisker deprivation increased Pvalb promoter 
occupancy of HDAC1 by 1.8 fold (n=3, P= 0.03; Figure 4.4A) and 
HDAC2 by 5.7 fold (n=3, P=0.01; Figure 4.4B). Conversely, histone 
acetylation marks decreased. AcH3 marks on chromatin associated 
with the Pvalb promoter decreased by 4.9 fold (n=3, P=0.049; Figure 
4.4C), and AcH4 marks decreased by 4.6 fold as well (n=3, P=0.02; 
Figure 4.4D).  
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Figure 4.4 HDAC1 and HDAC2 binding to Pvalb promoter region 
increases with whisker deprivation. A, B) Immunoprecipitation of 
fragmented chromatin with antibody recognizing HDAC1 or HDAC2 
and quantified with real-time PCR for Pvalb transcripts (n=3, fold 
enrichment relative to IgG). C, D) Decrease in histone acetylation at 
Pvalb promoter region. ChIP with antibody recognizing AcH3 or AcH4 
and quantification of Pvalb transcripts with real-time qPCR. (n=3, fold 
enrichment relative to IgG). Results are shown as mean ± SEM, 
*P<0.05. Two-tailed paired t-test was done at 95% confidence level for 
statistical comparison.  
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4.4 Discussion 
Results in the previous chapter suggested that the regulation of Bdnf 
transcription involved more than one mechanism. The findings 
presented in this chapter showed that epigenetic regulation was also 
involved in activity-dependent expression of Bdnf and Pvalb. As 
previous studies have shown that class I HDAC inhibitors increased 
synaptic plasticity in adult mice (Putignano et al. 2007; Silingardi et al. 
2010), and that in mice with  HDAC1 and 2 knockout, gene 
transcription was increased (Akhtar et al. 2009), the present author 
investigated how HDAC1 and/or HDAC2 may be affected by whisker 
deprivation.  
The rather slight increase in overall HDAC activity after whisker 
deprivation suggested that HDACs may be involved. However, not all 
HDACs were neuronal activity-dependent and perhaps only a small 
number of subtypes were. Further analysis with Western blot revealed 
that HDAC1, but not HDAC2 expression was increased with whisker 
deprivation. Specifically measuring HDAC1 activity after HDAC1 
immunoprecipitation pin-pointed the fact HDAC1 activity was indeed 
significantly increased with whisker deprivation and not other HDACs. 
This finding was followed up with investigations on changes in HDAC1 
and HDAC2 occupancy and changes in histone acetylation marks on 
the chromatin associated with Bdnf promoters I-IV and Pvalb promoter. 
Fold enrichment of HDAC1 increased at the chromatin associated with 
Bdnf promoters I-III, as well as Pvalb promoter after whisker 
deprivation, but not Bdnf promoter IV. HDAC2 occupancy at chromatin 
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associated with Bdnf promoters I-IV were not enriched, but was 
enriched at Pvalb promoter after whisker deprivation. The acetylation 
histone mark AcH3 was significantly reduced at chromatin associated 
with Bdnf promoter I-IV and Pvalb promoter after whisker deprivation. 
While AcH4 was also significantly reduced at chromatin associated 
with Bdnf promoter III, IV and Pvalb promoter, this reduction was not 
statistically significant at chromatin associated with Bdnf promoter I and 
II after whisker deprivation. Taken together, these findings provided a 
direct explanation for the decrease in histone acetylation on chromatin 
associated with Bdnf promoter I-III and Pvalb promoter, but not at 
promoter IV. Decrease in histone acetylation at Bdnf promoter IV with 
sensory deprivation could be influenced by multiple factors  and 
regulated by a more complex interplay between the genome and 
nuclear architecture (Schneider et al. 2007).  
4.5 Conclusion 
From the enzymatic assay and Western blot analysis, it was found that 
HDAC1 activity and expression was specifically increased with whisker 
deprivation. The increase would conceivably lead to decreased histone 
acetylation on chromatin associated with Bdnf promoter I-IV and Pvalb 
promoter, thus resulting in a more condensed chromatin which became 
less accessible to co-activators and transcription factors to drive gene 
transcription. These findings provided an additional, epigenetic 
explanation for the previous observations of decreased Pvalb and Bdnf 
mRNA transcripts and protein expression with whisker sensory 
deprivation.   
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Chapter 5 A critical period exists for experience-dependent 
increase in HDAC1 protein and concomitant decrease in Bdnf 
mRNA transcripts and PV protein. 
5.1 Background and objectives 
A critical period is a fixed window of time, usually early in life, during 
which experience has lasting effects on brain circuitry that determines 
function and behaviour. Although different critical periods have been 
defined and studied in the S1 (Erzurumlu et al. 2012), the closure of 
the critical period for receptive field mapping due to an increase in 
GABAergic transmission facilitated by PV interneurons  has only been 
discovered recently. A recent study demonstrated that the critical 
period for experience-dependent plasticity of PV interneurons starts 
from P0 and ends approximately at P10 (Lo 2014). However, the 
molecular mechanisms underlying the critical period plasticity of PV 
interneurons are not well understood.  
It was previously shown that overexpression of BDNF in the V1 
resulted in precocious maturation of PV interneurons and early closure 
of critical period for ocular dominance plasticity (Huang et al. 1999). 
However, it is unclear how experience-dependent BDNF expression is 
regulated during the critical period. Findings from the previous chapters 
have suggested that HDAC1 may be one of the factors regulating Bdnf 
and Pvalb mRNA transcription. The objective of this work described 
here was to investigate if a critical period exists for experience-
dependent HDAC1, Bdnf and PV expression, and whether this will be 
similar to that of inhibitory PV interneuron synaptic plasticity. 
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5.2 Methods and materials 
Animals 
C57BL/6J wild type mice were handled and housed in standard 
conditions. Whisker deprivation was carried out at P0, P7, P14 and 
P21 and tissue was collected as described in Chapter 2 (Figure 5.1). 
All animal protocols were approved by the Institutional Animal Care 
and Use Committee (IACUC) of the Biopolis Resource Centre, 
A*STAR.  
SDS PAGE and western blot  
Mouse brain lysate preparation, protein quantification, SDS 
PAGE and Western blot analysis was conducted as described 
in Chapter 2. Rabbit Anti-HDAC1 (3601-100) 1:1000, 63kDa 
(BioVision), Goat anti-PV (PBG-214) 1:1000, 12kDa (Swant 
Inc.) and Mouse anti-β-actin (A228) 1:10000, 42kDa 
(Invitrogen) were used at the dilutions indicated.  
Real-time quantitative PCR  
RNA was reverse transcribed to cDNA as described in Chapter 2. 
Real-time qPCR was performed using SYBR green primers described 
in Chapter 3 on the FAST 7900HT (Applied Biosystems) machine. 
Densitometry and statistical analysis  
Densitometry analysis was performed using Image J. Quantified optical 
densities HDAC1 and PV immunoreactivity bands were normalized to 
the respective β-actin bands. The normalized data in arbitrary units  
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(A.U.) were plotted using GraphPad PRISM Version 6 (GraphPad 
Software Inc, CA, USA), and all data are expressed as mean ± SEM. 
Data points were fitted to half Gaussian distribution using Origin 
(OriginLab, Northampton, MA) and closure date of critical period was 
estimated from the half-width of the curve. All statistical analyses were 
performed using two-tailed paired t-test unless otherwise stated. Error 




Figure 5.1 A schematic representation of the whisker deprivation 
paradigm to study critical period for experience-dependent 
HDAC1, Bdnf and PV expression. Pups were deprived at different 
time points (P0, P7, P14 and P21) and sacrificed at P30. The effects of 
whisker deprivation (D) on S1 are contralateral to the whisker pad 






5.3.1 A critical period exists for the experience-dependent HDAC1 
expression 
Treatment with HDAC inhibitor was previously shown to reactivate 
critical period plasticity in V1 of adult rodents, suggesting that the 
inhibition of HDACs upregulates synaptic gene transcription (Putignano 
et al. 2007). However it is unclear as to what is the exact role of 
HDACs in critical period plasticity. Findings in the previous chapter 
showed that whisker deprivation increases HDAC1 expression. 
However it is unclear if this effect could occur in the S1 throughout the 
entire lifespan of the animal or only occurs at a specific time period. To 
investigate if there is a critical period for the increase in HDAC1 due to 
whisker deprivation, pups were unilaterally deprived at different 
postnatal time points (P0, P7, P14 and P21) and sacrificed at P30 for 
analysis. HDAC1 increased by 1.9 fold when whiskers were removed 
at P0 (P=0.02) and by 1.7 fold at P7 (P=0.02), but similar HDAC1 
expression levels were observed for P14 (P=0.89) and P21 (P=0.81) 
(n=3 for each whisker deprivation time point, relative to undeprived S1 
cortices; Figure 5.2A, B). These findings suggest that whisker 
deprivation does not increase HDAC1 expression by P14.  
To determine the duration of the critical period for the increase in 
HDAC1 with whisker deprivation, the mean of the differences in 
HDAC1 expression between undeprived and deprived samples were 
plotted and fitted with a half- Gaussian distribution (R2=0.80; Figure 
5.2C). From the half-width of the Gaussian curve, the duration of the 
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critical period was estimated to range from P0 to P9. This finding is 
similar to the critical period for synaptic plasticity of inhibitory PV 
interneurons  to pyramidal neurons which is estimated to be from P0 to 
P10 (Lo 2014). 
5.3.2 Experience-dependent expression of Bdnf mRNA transcripts is 
inversely correlated with HDAC1  
We have seen previously (Figure 3.2B) that Bdnf promoter I-IV mRNA 
transcripts decreased with chronic whisker deprivation. To investigate if 
this decrease occurs during the same period as the increase in HDAC1 
with whisker deprivation, Bdnf promoter I-IV mRNA transcripts were 
measured by real-time qPCR using S1 tissue from pups unilaterally 
deprived at different time points (P0, P7, P14 and P21) and sacrificed 
at P30. As shown in Figure. 5.3A, Bdnf promoter I mRNA transcripts 
decreased by 54% with whisker deprivation at P0 (P=0.02) and 29% at 
P7 (P=0.01), whereas expression levels were similar at P14 (P=0.50) 
and showed a slight increase of 15% at P21 not reaching significance 
(P=0.09) relative to undeprived S1 cortices. Bdnf promoter II mRNA 
transcript also decreased by 44% with whisker deprivation at P0 
(P<0.01) and 23% at P7 (P=0.03), but had a similar expression level 
relative to undeprived S1 cortices at P14 (P=0.71) and P21 (P=0.11; 
Figure 5.2B). Bdnf promoter III mRNA transcripts showed a smaller 
decrease of 28% with whisker deprivation at P0 (P=0.02) and17% at 
P7 (P= 0.02), but were similar to undeprived S1 cortices at P14  
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Figure 5.2 A critical period exists for the increase in HDAC1 
expression with whisker deprivation. A) A representative 
immunoblot of HDAC1 and β-actin from S1 deprived at different age 
(P0, P7, P14 and P21). B) Densitometric quantification of HDAC1 
protein expression. Results are represented as relative amount of 
HDAC1 to control animal barrel cortex normalized to β-actin at different 
deprivation age (n=3 for each time point). Results are shown as mean 
± SEM, *P<0.05. C) Curve depicts differences in mean HDAC1 
expression between undeprived and deprived S1 across different 
whisker deprivation start age. Curve is a half-Gaussian fit with a half-
width of approximately 9 days (R-square of 0.80). Two-tailed paired t-
test was done at 95% confidence level for statistical comparison. 
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 (P=0.09) and P21 (P=0.07; Figure 5.3C). Lastly, Bdnf promoter IV 
mRNA transcripts also decreased by 48% at P0 (P=0.02) and 20% at 
P7 (P=0.01), and were similar to undeprived S1 when whisker-deprived 
at P14 (P=0.10) and P21 (P=0.13) (n=4 for each whisker deprivation 
time point, relative to undeprived S1 cortices; Figure 5.3D). 
The critical period for promoter specific Bdnf mRNA transcripts was 
determined by half-Gaussian curve fitting as described in the previous 
section. From the curves, the closure of the critical period for whisker 
deprivation induced decrease in Bdnf mRNA transcription was 
estimated to be at the half-width of the curve. Bdnf promoter I mRNA 
transcription is from P0 to P10 (R2=0.98; Figure 5.3E), while it was P0 
to P8 (R2 = 1.00; Figure 5.3F) for Bdnf promoter II and P0 to P9 (R2 = 
0.99; Figure 5.3H) for Bdnf promoter IV. However, the critical period for 
Bdnf promoter III gene expression could not be determined as it did not 
follow a Gaussian distribution. Based on these findings, the critical 
period for experience-dependent Bdnf mRNA transcription was 
estimated to be around P0 to P9, similar to the critical period for the 
experience-dependent expression of HDAC1. 
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Figure 5.3 Decrease in promoter specific Bdnf mRNA transcripts 
with whisker deprivation occurs during the same period as the 
critical period for HDAC1 increase. A-D) Bdnf promoter I-IV mRNA 
transcripts decreased with whisker deprivation at P0 and P7. 
Measurements were made by real-time qPCR (n=4 for each whisker 
deprivation time point, normalized to the levels of β-actin and GAPDH; 
relative to undeprived cortex of the same animal). Results are shown 
as mean ± SEM, *P<0.05, **P<0.01. E-H) Curves depict differences in 
respective mean Bdnf promoter I-IV expression between undeprived 
and deprived S1across different whisker deprivation start age. Curves 
are a half-Gaussian fit, except for Bdnf promoter III, with a half width of 
approximately P10 (R2 of 0.98, Bdnf promoter I), P8 (R2 of 1.00, Bdnf 
promoter II) and P9 (R2 of 0.99, Bdnf promoter IV). Two-tailed paired t-
test was done at 95% confidence level for statistical comparison.  
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5.3.3 Decrease in PV levels with whisker deprivation correlates 
directly with decrease in Bdnf transcripts and inversely with 
HDAC1  
Similar to Bdnf mRNA expression, it was shown in chapter 2 that Pvalb 
mRNA and PV protein expression decreases with whisker deprivation. 
To determine if experience-dependent PV expression is also postnatal 
age dependent, protein was extracted from S1 cortices collected from 
P30 mice whisker-deprived at different time points as described earlier. 
PV expression was decreased by 41% with deprivation at P0 (P=0.046) 
and 46% at P7 (P=0.03) but is similar to undeprived S1 cortices with 
whisker deprivation at P14 (P=0.50) and P21 (P=0.83) (n=3 for each 
whisker deprivation time point, relative to undeprived S1 cortices; 
Figure 5.4A, B). 
The mean difference between PV expression in undeprived and 
deprived samples was calculated, plotted and fitted to the half 
Gaussian distribution. From half-width of the curve, the critical period 
for experience-dependent PV expression is estimated to last from P0 to 
P13 (R2 = 0.75, Figure 5.4C). Although it is slightly longer than the 
critical period for experience-dependent expression of HDAC1, Bdnf 
and PV interneuron synaptic plasticity, there is clear overlap between 
these estimated critical periods.   
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Figure 5.4 Decrease in PV protein expression with whisker 
deprivation occurs around the same time as the critical period for 
HDAC1 increase. A) A representative immunoblot of PV and β-actin 
from S1 deprived at different age (P0, P7, P14 and P21). B) 
Densitometric quantification of PV protein expression. Results are 
represented as relative amount of HDAC1 to control animal barrel 
cortex normalized to β-actin at different deprivation age (n=3 for each 
time point). Results are shown as mean ± SEM, *P<0.05. C) Curve 
depicts differences in mean PV expression between undeprived and 
deprived S1 across different whisker deprivation start age. Curve is a 
half-Gaussian fit with a half-width of approximately 13 days (R2 of 
0.75). Two-tailed paired t-test was done at 95% confidence level for 
statistical comparison.  
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5.4 Discussion 
With the exception of Bdnf promoter III mRNA transcripts, the 
difference in expression of HDAC1, Bdnf promoter I,II and IV mRNA 
transcripts and PV followed the Gaussian distribution. Although the 
changes in Bdnf promoter III mRNA transcripts were non-Gaussian, the 
data suggest that the critical period for experience-dependent Bdnf 
promoter III mRNA expression ends before P14, as no significant 
difference in transcript is detected when whiskers were removed at P14 
(Figure 5.3C). The critical period for experience-dependent expression 
of HDAC1 and Bdnf mRNA transcripts lasted from birth until P9, 
overlapping with the critical period for experience-dependent 
expression of PV which ended by P13. Similarly,  the critical period for 
PV interneuron synaptic plasticity in the S1 lasted from P0 until P10 (Lo 
2014) . Throughout the critical period for PV interneuron synaptic 
plasticity, HDAC1 expression was shown to be inversely correlated to 
Bdnf and PV expression. Based on these findings, we could infer that 
HDAC1 may act as negative regulator of critical period synaptic 
plasticity for inhibitory PV interneurons via its effects on BDNF and PV 
expression. 
Different critical periods have been studied in the S1, such as the 
critical period for structural plasticity following whisker follicle ablation 
or infraorbital nerve damage that started at P0 and ended at P3-4 
(Durham et al. 1984b; Datwani et al. 2002; Rebsam et al. 2005). Other 
examples include the critical period for layer IV to II/III synaptic 
connections (P10 to P14) (Lendvai et al. 2000; Stern et al. 2001; 
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Shepherd et al. 2003) and horizontal connections between layer II/III 
neurons (P13 to P16) (Wen et al. 2011). However, these critical 
periods characterize the development of barrel structures and 
excitatory circuits in layers IV to II/III, but not inhibitory circuits. 
Characteristics of the inhibitory circuits were not well understood, until 
a recent study showed that inhibitory circuits were sensitive to 
experience and had a defined critical period (P0 to P10) at layer II/III 
(Lo 2014) and before P14 at layer IV (Jiao et al. 2006). 
As the critical period for inhibitory PV interneurons overlaps with the 
critical period for layer IV to II/III (P10 to P14) and horizontal II/III (P13 
to P16) synaptic connections and with the onset of active whisking 
(P10-15) (Welker 1964), it is likely that inhibition is involved in the 
development of excitatory circuits for the patterning of the layer II/III 
receptive field (Figure 5.5). Furthermore, studies on the critical period 
for layer II/III receptive field started whisker deprivation after P8. It is 
unclear what happens to layer II/III in response to whisker deprivation 
before P8 (Lendvai et al. 2000; Stern et al. 2001; Shepherd et al. 2003; 
Jiao et al. 2006). Molecular mechanisms regulating experience-
dependent layer II/III plasticity in the S1 have received little attention. 
However, experience-dependent expression of BDNF has been shown 
to regulate the maturation of PV interneurons at layer IV (Jiao et al. 
2011). Other studies have investigated type I cannabinoid receptors 
(CB1R) in layer II/III (Li et al. 2009) and how BDNF-TrkB signalling is 
required for the release of endocannabinoids for activation of CB1 
regulating GABA release (Lemtiri-Chlieh et al. 2010; Zhao et al. 2015). 
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It was unclear what processes lay upstream of experience-dependent 
gene expression, and the current findings showed that HDAC1 may be 
one of the experience-dependent regulators for Bdnf involved in 
downstream signalling for layer II/III plasticity.  
5.5 Conclusion 
In this chapter, critical periods for experience-dependent HDAC1, 
BDNF and PV expression were shown to exist, and when estimated 
these showed clear overlap. HDAC1 expression was inversely 
correlated with Bdnf, PV expression and inhibitory function of PV 
interneurons. Owing to their similar critical periods, it appears to be that 
HDAC1 repression of transcription may be an important underlying 
molecular mechanism for regulating the critical period for inhibitory 
function of PV interneurons. Further investigation is needed to 
determine if HDAC1 directly regulates the expression of Bdnf and PV 





Figure 5.5 Critical periods in the barrel cortex.  
This diagram describes the different critical periods in the S1. The 
green curve depicts the critical period of layer IV structural plasticity of 
barrels(Durham & Woolsey 1984; Datwani et al. 2002; Rebsam et al. 
2005). The blue curve depicts the critical period for PV interneuron to 
layer II/III pyramidal synaptic connections (Lo 2014). The black curve 
for the layer II/III receptive field critical period was plotted from the 
results of a few studies (Lendvai et al. 2000; Stern et al. 2001; 
Shepherd et al. 2003). There is overlap between the PV interneuron 
critical period (green), layer II/III receptive field critical period and the 
onset of exploratory whisking behaviour (yellow box)(Welker 1964).The 
inhibitory and excitatory circuits are fully developed in the mouse S1 
beyond P28 (McRae et al. 2007). Figure is adapted with permission 
from Lo Shun Qiang (Lo 2014) .  
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Chapter 6 Knockdown of HDAC1 recovers Bdnf and Pvalb 
expression in whisker-deprived S1. 
6.1 Background and objectives 
HDAC1 expression is inversely correlated with Bdnf and PV expression 
as well as inhibitory synaptic connections from PV interneurons to layer 
II/III pyramidal neurons. Furthermore, these factors are all more 
sensitive to experience deprivation in certain time windows or critical 
periods, which overlap. These observations suggest that HDAC1 
repression of transcription may be an important underlying molecular 
mechanism for regulating the critical period for inhibitory function of PV 
interneurons. However, it is thus far unclear if HDAC1 directly 
represses the expression of Bdnf and Pvalb. The objective of 
investigations presented in this chapter was therefore to determine if 
HDAC1 may be a direct negative regulator of Bdnf and Pvalb 
expression by knocking down HDAC1 during the previously observed 
critical period for HDAC1’s increase and influence with whisker 
deprivation (P0 to P10). 
HDAC1 silencing was achieved using vivo-morpholinos, purchased 
from Gene Tools LLC, targeting HDAC1 mRNA transcripts, and an 
antisense sequence vivo-morpholino was employed as a control. Vivo-
morpholinos are oligomers fused with a delivery moiety, octaguanidine 
dendrimer, to improve delivery into the cell and reduce toxicity.  By 
binding to spliced mRNA of HDAC1, these oligomers could block 
protein translation and repress protein expression temporarily (Morcos 
et al. 2008) (see Figure 6.1 for an illustration of its mode of action). 
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Several studies have successfully used vivo-morpholinos to repress 
protein translation in the brain (Porensky et al. 2012; Reissner et al. 
2012; Prasad et al. 2014), and have demonstrated that administration 
of vivo-morpholinos at low doses will not cause neurotoxicity. 
6.2 Materials and methods 
Animals 
C57BL/6J wild type mice were handled and housed in standard 
conditions. Microinjection was carried out at P0 and for certain 
experiments with whisker deprivation at P3. Tissue was collected at 
P3, P7, P14 or P30 as described in Chapter 2 (Figure 6.1A and 6.2A). 
All animal protocols were approved by the Institutional Animal Care 
and Use Committee (IACUC) of the Biopolis Resource Centre, 
A*STAR. 
Microinjection of Vivo-morpholinos into neonates 
For microinjections of neonates, a stage was made from a block of 
plasticine and stuck to the base of a dissecting microscope. This stage 
was used to position the body and help to stabilize the head of the P0 
pup. Neonates were anaesthetized by indirect cooling on ice for about 
2 minutes to avoid frost burns. At P0, the transverse and superior 




Figure 6.1 Diagram depicting how vivo-morpholinos block protein 
translation. The delivery moiety of Vivo-morpholinos octaguanidine 
dendrimer helps to deliver morpholinos more effectively. Morpholinos 
(green line) function as an antisense oligomer binding to transcribed 




These sinuses were used as landmarks to identify the S1 location for 
injection. A dot made by a fine felt-tipped marker was used to mark the 
point for injection. For injections into the S1 of neonates, pipette tips 
pulled from thin walled borosilicate glass capillary tubes (outer 
diameter of 1.0mm and inner diameter of 0.76mm) were used. The 
pulled-out pipettes were snipped broken, leaving 1mm from the 
shoulder of the pipette, by pinching with forceps (Davidson et al. 2010). 
The pipette was inserted to a depth of 1mm from the surface of the 
skin, 2.0mm lateral of the superior sagittal sinus and 1.5mm rostral of 
the transverse sinus. Once anesthetized, the neonate was removed 
from ice and positioned on the stage under a dissecting microscope 
and the coordinates for injection were determined. The head was held 
in position by the finger tips, and holding the skin around the point of 
injection taut, the pipette was then inserted. Using a mouth-controlled 
pipette system (Saito et al. 2001; Ding et al. 2012), 0.3µl containing 
150ρmol of vivo-morpholinos (Gene-Tools LLC) was injected into the 
S1. The sequences of vivo-morpholinos used were: 
HDAC1KD: TGCCCTGAGTCTGCGCCATCTTGCT;  
5’misprimer: TGCCGTCACTCTGCCCCATCTTCCT 
 
To ascertain that the exact volume was injected, 0.3µl was pipetted 
onto a piece of parafilm and taken up the glass pipette by capillary 
action. The glass pipette was left in place for 60s after injection. 
Following which the neonate was placed on a warming pad until skin 
colour, movement and reaction to touch appeared normal before it was 
returned to the home cage. 
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SDS PAGE and western blot  
Mouse brain lysate preparation, protein quantification, SDS PAGE and 
western blot analysis were conducted as described in Chapter 2. 
Rabbit Anti-HDAC1 1:1000, 63kDa (BioVision, 3601-100) and Mouse 
anti-β-actin 1:10000, 42kDa (Invitrogen, A228) were used at the 
dilutions indicated.  
Real-time quantitative PCR 
RNA was reverse transcribed to cDNA as described in Chapter 2. 
Real-time qPCR was performed using SYBR green primers described 
in Chapters 2 and 3 on the FAST7900HT (Applied Biosystems) 
machine. 
Densitometry and statistical analysis  
Densitometry analysis was performed using Image J. Quantified optical 
densities of HDAC1 immunoreactivity bands were normalized to the 
respective β-actin bands. The normalized data in arbitrary units (A.U.) 
were plotted using GraphPad PRISM Version 6 (GraphPad Software 
Inc, CA, USA), and all data were expressed as mean ± SEM. All 
statistical analyses were performed using two-tailed paired t-test, 
except for Figure 6.2 where two-tailed unpaired t-test was performed. 




6.3.1 Knocking down HDAC1 expression with vivo-morpholinos 
increases Bdnf mRNA transcription 
To determine if HDAC1 directly regulates Bdnf mRNA transcription, 
Vivo-morpholinos targeting and blocking protein translation from 
HDAC1 mRNA transcripts (HDAC1KD) were microinjected directly into 
S1 at birth. As a control, 5’ antisense oligomers (5’ misprimer) were 
injected into the contralateral S1. A series of experiments were used to 
determine the capacity of HDAC1KD vivo-morpholinos to suppress 
HDAC1 protein expression (Figure 6.2A). HDAC1 protein expression 
was suppressed by 3.3 fold (n=3, P=0.049) 3 days after microinjection 
of vivo-morpholinos. Maximum knockdown was achieved 7 days post-
injection with 8.1 fold decrease in HDAC1 (n=3, P=0.04) and a slight 
recovery in HDAC1 protein expression was observed 14 days post-
microinjection (4.1 fold decrease in HDAC1, n=3, P=0.049; Figure 
6.2B, C). To investigate the effects of decreased HDAC1 protein 
expression on Bdnf mRNA transcription, Bdnf promoter I-IV mRNA 
transcripts were measured by real-time qPCR using RNA extracted 
from samples collected 7 days post-microinjection. Bdnf promoter I 
transcripts increased 2.4 fold (n=3, P=0.047), Bdnf promoter II 
transcripts increased 1.6 fold (n=3, P=0.04), and Bdnf promoter IV 
mRNA transcripts increased 1.8 fold (n=3, P=0.03; Figure 6.2D). Bdnf 
promoter III mRNA transcripts could not be accurately quantified by 
real-time qPCR at P7 as the Ct values were more than 35. The use of   
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Fig 6.2 Knockdown of HDAC1 from birth increases Bdnf 
transcription.  
A) Diagram depicts unilateral injection of Vivo-morpholinos (HDAC1 
knock down-HDAC1KD (red) or 5’misprimer – 5’ (blue)) at P0 and 
sample collection at different time points (p3, P7 and P14). B) A 
representative immunoblot of HDAC1 and β-actin for samples collected 
3, 7 and 14 days post-injection. C) Densitometric quantification of 
HDAC1 protein expression. Results are represented as relative amount 
of HDAC1 in S1 injected with HDAC1KD to 5’ injected animal barrel 
cortex, normalized to β-actin for different time points of injection (n=3 
for each time point). D) Bdnf promoter I, II and IV mRNA transcripts 
increased with knockdown of HDAC1. Measurements were made by 
real-time qPCR (n=3 for each injection time point, normalized to the 
levels of β-actin and Gapdh; relative to 5’ injected S1 of same animal). 
Results are shown as mean ± SEM, *P<0.05. Two-tailed unpaired t-test 
was done at 95% confidence level for all statistical comparison.  
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vivo-morpholinos was ideal for studying the effect of decreased HDAC1 
protein expression during the critical period as the effects of HDAC1KD 
vivo-morpholino appeared to last throughout the entire critical period 
for the increase in HDAC1 with whisker deprivation (P0 to P10).  
6.3.2 Knocking down HDAC1 during the critical period prevented 
whisker deprivation induced increase in HDAC1 protein 
expression. 
After determining the capacity of vivo-morpholinos for HDAC1 
knockout, the effect of HDAC1 knockout during the critical period was 
investigated. P0 pups were microinjected bilaterally with HDAC1KD 
vivo-morpholinos or 5’misprimer and unilaterally whisker deprived at P3 
(when decrease in HDAC1 protein expression was previously 
observed). The mice were reared to P30 before being sacrificed for 
samples (Figure 6.3A). Mice microinjected with HDAC1KD vivo-
morpholino coupled with whisker deprivation had similar levels of 
HDAC1 protein expression relative to undeprived S1 (n=5, P=0.80; 
Figure 6.3B, D). 
The present result suggests that the effect of HDAC1KD vivo-
morpholino has worn off by P30. Conversely in mice microinjected with 
5’misprimer coupled with whisker deprivation, HDAC1 protein 
expression increased 1.7 fold in whisker-deprived mice (n=3, P=0.02; 
Figure 6.3C, E). The present finding is in agreement with those in the 
previous chapter whereby a critical period exists for experience-
dependent increase in HDAC1 protein expression. Decreasing HDAC1 
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levels during the critical period recovers Bdnf and Pvalb mRNA 
transcription in whisker-deprived S1 
To investigate the downstream effect of knocking down HDAC1 during 
the critical period in whisker-deprived mice, total RNA was extracted 
and Bdnf promoter I-IV and Pvalb mRNA transcripts were measured by 
real-time qPCR.  In HDAC1KD mice, Bdnf promoter I-IV transcript 
levels in deprived S1 cortices were similar to undeprived S1 cortices 
(Bdnf promoter I: P=0.20, Bdnf promoter II: P=0.45, Bdnf promoter III: 
P=0.17 and Bdnf promoter IV: P=0.37) (n=3 for each treatment; Figure 
6.4A). In the control mice microinjected with 5’misprimer, Bdnf 
promoter I-IV mRNA transcripts were decreased relative to undeprived 
S1 cortices (Bdnf promoter I: 37%, P=0.03, Bdnf promoter II: 38%, 
P=0.02, Bdnf promoter III: 25%, P<0.01 and Bdnf promoter IV: 32%, 
P=0.047) (n=3 for each treatment; Figure 6.4B). Similarly, effects of 
HDAC1 knockdown on Pvalb mRNA transcription were investigated by 
real-time qPCR. In HDAC1KD mice, Pvalb transcripts in deprived S1 
cortices were similar to undeprived S1 cortices (n=3, P=0.64; Figure 
6.4C). In the control mice microinjected with 5’misprimer, Pvalb mRNA 
transcripts decreased 37% relative to undeprived S1 cortices (n=3, 
P=0.03; Figure 6.4D). These findings suggest that the effect of HDAC1 
regulation on Bdnf and Pvalb mRNA transcription is most sensitive 





Figure 6.3 Knockdown of HDAC1 during critical period prevented 
increase of HDAC1 with whisker deprivation. A) Diagram depicting 
experimental paradigm used to investigate knock down of HDAC1 
during the critical period with whisker deprivation. Pups were injected 
with HDAC1KD or 5’misprimer vivo-morpholinos and deprived at P3. 
Red circle indicates whisker-deprived S1, while blue circle indicates 
undeprived S1. Pups were reared to P30 before sample collection. 
B,C) A representative immunoblot of HDAC1 and β-actin for whisker 
undeprived (UD) and deprived (D) mice injected bilaterally with 
HDAC1KD or 5’ misprimer vivo-morpholinos. D, E) Densitometric 
quantification of HDAC1 protein expression. Results are represented 
as relative amount of HDAC1 to undeprived animal barrel cortex, 
normalized to β-actin (n=5 or 3 for each treatment) and shown as mean 
± SEM, *P<0.05. Two-tailed paired t-test was done at 95% confidence 
level for statistical comparison.  
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Figure 6.4 Knockdown of HDAC1 during critical period recovers 
Bdnf and Pvalb expression in whisker-deprived mice. A) Bdnf 
promoter I-IV mRNA transcripts in deprived (D) were similar to whisker 
undeprived (UD) mice with knockdown of HDAC1. B) Bdnf promoter I-
IV mRNA transcripts in D relative to UD mice decrease with whisker 
deprivation. C) Pvalb transcripts in transcripts in D were similar to UD 
mice with knockdown of HDAC1. D) Pvalb mRNA transcripts in D 
relative to UD mice decreases with whisker deprivation. Measurements 
were made by real-time qPCR (n=3 for each treatment, normalized to 
the levels of β-actin and GAPDH; relative to undeprived S1 cortices). 
Results are shown as mean ± SEM, *P<0.05, **P<0.01. Two-tailed 





It is evident from the previous chapters that experience-dependent 
HDAC1 activity and expression were correlated with both Bdnf and 
Pvalb expressions. The findings in this chapter provided direct 
evidence that HDAC1 mediated Bdnf and Pvalb suppression. Using 
similar parameters previously described by Reissner et al. for efficient 
knockdown with low neurotoxicity, P0 pups were microinjected with 
150ρmol of vivo-morpholino and HDAC1 protein expression was 
repressed until P14 (Reissner et al. 2012). The repression of HDAC1 
protein was accompanied by an increase in Bdnf promoter I, II and IV 
mRNA transcription. However, the transcripts from Bdnf promoter III 
transcripts were undetectable by real-time qPCR at P7 (Figure 6.2D), 
but could be measured at P30 (Figure 6.4A). The present findings 
suggest that Bdnf promoter III mRNA is transcribed at a later age, but 
its expression is also determined by histone acetylation status of 
chromatin associated with the promoter that is influenced by 
experiences earlier in life. As observed in Chapter 5, the expression of 
Bdnf promoter III is more sensitive to experience before P14 (Figure 
5.2C).  Similarly, Pvalb mRNA is undetectable at P7 as Pvalb is 
expressed later in development from P10 onwards (Del Rio et al. 1994; 
De Lecea et al. 1995), but it also exhibits a critical period for 
experience-dependent expression (Figure 5.3C). 
Temporary knockdown of HDAC1 with vivo-morpholinos allowed for the 
effects of experience-dependent activity of HDAC1 to be investigated 
specifically during the critical period for inhibitory PV interneuron 
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plasticity. When HDAC1 expression was repressed during this window 
of time (Figure 6.3B, D), Bdnf and Pvalb expression in whisker-
deprived S1 was similar to that of undeprived S1 (Figure 6.4A, C). 
However, in the controls where HDAC1 expression was allowed to 
increase with whisker deprivation (Figure 6.3C, E), concomitant 
decreases in Bdnf and Pvalb were observed (Figure 6.4B, D). These 
results suggest that HDAC1 acts directly as a negative regulator of 
Bdnf and Pvalb expression during the critical period for inhibitory PV 
interneuron plasticity. Increase in HDAC1 expression likely occurred in 
PV neurons during the critical period of whisker sensory input 
deprivation which led to the suppression of Bdnf and Pvalb 
expressions. However, that this is the case needs further high 
resolution cellular level analysis. Also, how knocking down HDAC1 
may grossly affect whisker function and sensory transmission is 
unclear.  
It is interesting to note that these results revealed that HDAC1-
mediated histone deacetylation plays a major epigenetic role in 
regulating S1 development. These results do not of course rule out the 
involvement of other epigenetic mechanisms, such as DNA and protein 
methylation. The possible contribution of these other mechanisms and 
their cross talks with HDAC1-mediated histone deacetylation shall be 
interesting pursuits in the near future. 
6.5 Conclusion 
By knocking down HDAC1 specifically during the critical period for PV 
interneuron plasticity, whisker deprivation resulted in similar Bdnf and 
 109 
Pvalb expression in whisker-deprived S1 as compared to undeprived 
S1. As whisker deprivation increases HDAC1 expression, this knock 
down experiment demonstrates that HDAC1 is an experience-
dependent negative regulator of Bdnf and Pvalb expression that affects 
the maturation of PV interneurons. It is likely that HDAC1 is expressed 
in PV interneurons to directly regulate Pvalb mRNA transcription. 
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Chapter 7 Conclusions 
As an introduction to this thesis, the present author described how the 
maturation of inhibitory PV interneurons is important for the 
excitatory/inhibitory (E/I) balance in a functional circuitry (Hensch et al. 
1998; Jiao et al. 2006).She has also described our current knowledge 
of the molecular mechanisms underlying experience-dependent 
maturation of inhibitory PV interneuron during the critical period. In this 
final chapter, she will conclude her findings and discuss how she has 
answered the research question posed in the beginning. She will also 
suggest further research directions that will help to enhance the 
understanding of molecular mechanisms regulating experience-
dependent cortical plasticity during the critical period. 
7.1 Conclusions 
When neonates were chronically whisker deprived until adolescence,  
PV interneuron mediated transmission to layer II/III pyramidal neurons 
of the cerebral cortex decreases (Lo 2014). The aim of the present 
work is to better define the underlying molecular mechanisms for 
experience-dependent changes in synaptic plasticity and development 
of PV interneurons in cortical layers II/III.  
7.1.1 Neonatal Whisker deprivation negatively affects parvalbumin 
interneurons 
Molecular changes accompanying decrease in PV interneuron-
mediated transmission to layer II/III pyramidal neurons were 
investigated. The data showed that PV protein, a marker for PV 
interneuron maturation, and PV perisomatic synaptic connections on 
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layer II/III pyramidal neurons, deceased with whisker deprivation 
(Figures 2.2, 2.3). These findings mirror those of a previous study 
which showed that PV expression decreases in the V1 of mice dark 
reared from birth (Tropea et al. 2006). Furthermore, Jiao et al. have 
also showed that whisker trimming from P7 to P30, but not P15-P30, 
resulted in a decrease in PV expression in layer IV of the S1(Jiao et al. 
2006). However, the authors did not investigate the effects of whisker 
deprivation before P7, and on other layers in S1. A novel study, which 
prompted much of the work in the current thesis, investigated the 
effects of whisker deprivation from birth until adolescence on PV 
interneurons in layers II/III. The decrease in PV perisomatic synapses 
may explain the decreased inhibitory transmission observed (Lo 2014). 
However, there is a caveat in interpretation of the results. As PV 
expression is decreased, it cannot be certain if the decrease in PV 
synaptic connections is due to fewer PV interneurons,PV protein 
expression, or both. The current findings and the previous ones do 
indicate  that PV is a useful correlative molecular marker for studying 
experience-dependent interneuron development (Cellerino et al. 1992; 
Tropea et al. 2009). 
7.1.2 Neonatal BDNF expression is experience-dependent and 
decreases with whisker deprivation 
Having showed that PV interneuron development and connection were 
negatively affected by whisker deprivation, the present author next 
investigated how PV expression and PV interneuron development is 
regulated in an experience-dependent manner. Several studies have 
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demonstrated that BDNF triggers maturation of PV interneurons, 
whereby overexpression of BDNF causes precocious maturation of 
these interneurons in the V1 (Hanover et al. 1999; Huang et al. 1999). 
It is not simply the endogenous expression of BDNF, but rather 
experience-dependent expression of BDNF that is essential for PV 
interneuron development and GABAergic transmission in the S1, 
prefrontal cortex and cultures in vitro (Hong et al. 2008; Sakata et al. 
2009; Jiao et al. 2011). My findings show that whisker deprivation 
resulted in decreased Bdnf mRNA transcription from its promoters I-IV, 
and also decreased BDNF protein expression. These findings are 
supportive of previous studies which showed how promoter specific 
Bdnf expression is dependent on neuronal activation (Timmusk et al. 
1993; Nanda et al. 1998;). Not only was Bdnf down regulated in the S1 
of whisker-deprived animals, pCREB was also seen to decrease due to 
the reduction in neuronal activation. Again, this finding is congruent 
with previous studies which showed that neuronal activity caused 
phosphorylation of CREB leading to the transcription of Bdnf (Tao et al. 
1998; West et al. 2002). However, the decrease in pCREB cannot fully 
account for the reduction in Bdnf transcription from all 4 of its 
promoters (particularly those without a recognizable CRE). Hence, it is 
likely that other mechanisms have contributed to this decrease. 
7.1.3 HDAC activity and HDAC1 expression increases with whisker 
deprivation  
To determine if other mechanisms are involved in the transcription of 
Bdnf, the present author focused on molecular pathways that regulate 
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transcription in an experience-dependent manner. As discussed in 
Chapter 4, one way of regulating transcription is through epigenetic 
modifications (Sweatt 2013). In particular, inhibition of histone 
deacetylases (HDACs) have led to both increased synaptic gene 
expression and increased synaptic connections in both the 
hippocampus and V1 of rodents (Fischer et al. 2007; Putignano et al. 
2007). As the HDAC inhibitor used in these studies targets all the class 
I and II HDACs (Dokmanovic et al. 2007), it is unclear which HDAC is 
specifically involved in experience-dependent regulation of synaptic 
gene expression. The present findings showed that HDAC1 activity and 
expression is primarily increased with whisker deprivation. Increase in 
HDAC1 activity leads to decreased histone acetylation on the 
chromatin associated with Bdnf promoter I-III and Pvalb promoter, but 
not Bdnf promoter IV. It was also shown that HDAC2 binds to the Pvalb 
promoter. These present findings provide an additional, epigenetic 
explanation for the previous observations of decreased Pvalb and Bdnf 
mRNA transcripts and protein expression with whisker sensory 
deprivation. A recent study have demonstrated that epigenetic 
mechanisms are involved in the development of PV interneurons by 
deletion of HDAC2 specifically in PV interneurons, which resulted in 
reduced inhibitory transmission in the V1 (Nott et al. 2015).  
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7.1.4 A critical period exists during development for experience-
dependent increase in HDAC1 protein and concomitant 
decrease in Bdnf mRNA transcripts and PV protein. 
The study that demonstrated that chronic whisker deprivation leads to 
decreased PV interneuron transmission to layer II/III pyramidal neurons 
also showed that this decrease occurs only when whisker sensory 
inputs are deprived  during the critical period for PV interneuron 
development from P0 to P10 (Lo 2014). An attempt was made to 
determine if the increase in HDAC1 and decrease in Bdnf and Pvalb 
expression is correlated with the critical period of PV interneuron 
synaptic plasticity. Pups were whisker-deprived at different time points 
to investigate if these molecular changes decreased in sensitivity to 
experience over time. The present findings suggests that critical 
periods for experience-dependent HDAC1, Bdnf and PV expression 
exist, and when estimated these showed clear overlaps. HDAC1 
expression is inversely correlated with Bdnf, PV expression and 
inhibitory function of PV interneurons. Owing to their similar or closely 
overlapping critical periods, it is possible that HDAC1 repression of 
transcription may be an important molecular mechanism regulating the 
critical period for inhibitory function of PV interneurons.  
7.1.5 Knockdown of HDAC1 recovers Bdnf and Pvalb expression in 
whisker-deprived S1. 
To determine if HDAC1 directly regulates the expression of Bdnf and 
PV required for PV interneuron maturation, HDAC1 expression was 
knocked down during the critical period observed previously (P0 to 
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P10) using vivo-morpholinos. As Bdnf mRNA transcription from 
promoters I, II and IV increases with the knockdown of HDAC1 during 
the critical period in undeprived S1 (P0 to P7), the results strongly 
suggest that HDAC1 regulates Bdnf mRNA transcription directly. The 
present findings are in agreement with previous studies in fear 
extinction, when mice treated with class I and II HDAC inhibitor were 
found to have increased H4 acetylation and mRNA transcription of 
Bdnf promoter I and IV at the prefrontal cortex (Bredy et al. 2007). My 
findings also showed that cortical Bdnf promoter III mRNA transcription 
is low in the neonates, supporting previous studies which hypothesized 
that different Bdnf mRNA transcripts are expressed spatially and 
temporally over development (Timmusk et al. 1994). In whisker-
deprived S1, knock down of HDAC1 at P0 resulted in similar levels of 
Bdnf and Pvalb expression in whisker-deprived S1 as compared to 
undeprived S1 by P30.  
This knock down experiment aptly demonstrates that HDAC1 is an 
experience-dependent negative regulator of Bdnf and Pvalb expression 
during the critical period. A knock down of HDAC1 in whisker-deprived 
S1, where HDAC1 is normally increased, recovered Bdnf and Pvalb 
expression. All these findings collectively demonstrated that HDAC1 
exerts a negative influence over transcription of Bdnf promoter I-III and 
Pvalb mRNA by deacetylating histone tails associated with these 
promoter regions in an experience-dependent manner. Furthermore, 
HDAC1 appears to have other influences over gene transcription 
during the critical period for synaptic connections from PV interneuron 
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to layer II/III pyramidal neurons. Besides mediating experience-
dependent changes in Bdnf expression, there are other conditions 
where HDAC1 represses Bdnf transcription in neonate rats suffering 
from iron deficiency (Tran et al. 2015) and also in rats that were 
exposed to radiotherapy used in cancer treatment (Ji et al. 2014). 
There are remaining questions to be answered as HDAC1 alone 
cannot fully account for the experience-dependent transcription 
regulation of Bdnf promoter IV and the exact mechanisms that regulate 
HDAC1 expression remains unclear. In the next section, the present 
author will discuss further approaches to better understand the 
molecular mechanisms regulating the development of PV interneurons 




Figure 7.1 Schematic describing the molecular mechanisms 
responsible for decreased PV-interneuron mediated inhibition 
deciphered in this thesis. A) Decreased whisker sensory input during 
the critical period for development of PV interneurons (P0 to P10), 
leads to increased HDAC1 activity. Deacetylation of histones 
associated with Bdnf promoters I-IV and Pvalb promoter regions was 
observed, resulting in decreased Bdnf and Pvalb expression. Synaptic 
connections between PV interneurons and layer II/III pyramidal 
neurons were decreased, accounting for decreased PV interneuron-
mediated inhibition. B) Diagram illustrating the acetylation of on histone 
tails by histone acetyltransferases (HATs) in the presence of whisker 
stimuli leading to unwinding of DNA allowing transcription at gene 
promoter and the removal of acetyl groups by histone deacetylase 1 
(HDAC1) with chronic whisker deprivation leading to condensed 
chromatin repressing transcription at  gene promoter.  
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7.2 Further directions 
7.2.1 Activity-dependent regulation of HDAC1 
HDAC1 appears to be auto-regulated  and its expression depends on 
histone acetylation at the Hdac1 promoter region (Schuettengruber et 
al. 2003). Although HDAC1 expression may be independent of 
neuronal activity, it is plausible that its turnover and activity is 
experience-dependent. A previous study using E14 mouse cortical 
neuron culture demonstrated that depolarization of neurons led to the 
release of the HDAC1-MeCP2-mSin3A repressor complex from Bdnf 
promoter IV (Martinowich 2003). In another study, BRG1-Rb-HDAC1 
complexes was shown to be released from the NR2B promoter in a 
calcium-dependent manner due to influx of Ca2+ from neuronal activity 
(Qiu et al. 2008). The mechanism for the release of HDAC1 from 
promoter regions may be mediated by its dephosphorylation, and the 
reduction of  enzymatic activity and complex formation (Pflum et al. 
2001). Alternatively, like HDAC2, it is possible that oxidative 
modifications such as S-nitrosylation may be involved in causing the 
release of HDAC1 from promoter regions, although S-nitrosylation has 
not yet been reported for HDAC1 (Riccio 2010). Hence, it is 
conceivable that the activity and degradation of HDAC1 are regulated 
in an activity-dependent manner, leading to its release from promoter 
regions and turnover.  
Further studies may investigate post-translational modifications of 
HDAC1 following whisker deprivation in the S1 to understand the 
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signaling events that trigger increases in HDAC1 activity and the 
protein complexes formed to regulate downstream gene transcription. 
7.2.2 Further investigation of HDAC1’s regulation of Bdnf and Pvalb 
expression 
To investigate if HDAC1 directly regulates gene transcription of Bdnf 
and Pvalb in an experience-dependent manner, the present author has 
knocked down HDAC1 expression using vivo-morpholinos in Chapter 
6. My findings showed that HDAC1 is a negative regulator of Bdnf and 
Pvalb transcription. However, a complementary approach of over 
expressing HDAC1 can also be used to determine if HDAC1 directly 
regulates the expression of these genes. Adeno-associated viruses 
that express HDAC1 fused with GFP (AAV-HDAC1-GFP) under a 
neuron-specific promoter such as the synapsin-1 promoter can be used 
for ectopic overexpression of HDAC1 specifically in the neurons of 
neonatal S1 (Bahari-Javan et al. 2012). In a similar manner, AAV-
HDAC1-GFP can be delivered via intracortical injection to the S1 at P0 
of chronically whisker-deprived and whisker intact mice. As HDAC1 
increases with whisker deprivation, the present author hypothesizes 
that over expression of HDAC1 in the neurons of whisker intact S1 will 
lead to a decrease in Bdnf and Pvalb gene transcription and a delayed 
maturation of PV interneurons. 
7.2.3 Transcriptome analysis of genes regulated by HDAC1  
Previous studies have investigated time and layer specific mRNA 
expression in relation to  experience-dependent plasticity of the rat S1 
(Vallès et al. 2011) and the mouse V1 (Tropea et al. 2006) regions. 
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However transcriptomic analysis for HDAC1 knockout or over 
expressing transgenic mice in the S1 has not been reported. Further 
studies with HDAC1 knockdown or overexpression transgenic lines will 
help to identify more genes that are regulated by HDAC1 in an 
experience-dependent manner. In vitro (Marks et al. 2000; Glaser et al. 
2003) and in vivo (Fass et al. 2003; Weaver et al. 2006; Vecsey et al. 
2007) studies have demonstrated that treatment with HDAC inhibitors 
altered  only the expression of 1 to 7% of genes, some of which are 
also regulated by the CREB:CBP complex (Fass et al. 2003; Vecsey et 
al. 2007). Thus, the number of genes expected to be altered by specific 
perturbation of HDAC1 in the whisker-deprived S1 will be even fewer 
than those in previous studies using HDAC inhibitors. 
7.2.4 Identifying other epigenetic modifications involved in experience-
dependent plasticity 
As regulation of gene transcription is multifactorial, histone acetylation 
is often not the only factor regulating transcription at promoter regions. 
There are other factors that make up epigenetic mechanisms that 
regulate gene transcription. Another epigenetic modification widely 
known to be implicated in activity-dependent synaptic gene expression 
is DNA methylation (Feng et al. 2007; Weaver et al. 2006; Guo et al. 
2011). Previously, findings have demonstrated that HDAC1 forms a 
complex with MeCP2, which repressed  gene transcription at promoter 
regions of Bdnf promoter I (Tian et al. 2009) and promoter IV 
(Martinowich 2003). To further understand how activity-dependent 
gene transcription is regulated in the S1 during the critical period for PV 
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interneuron development, it will be helpful to determine the methylation 
status of promoter regions of genes altered by neuronal activity in 
whisker-deprived S1 with whole genome bisulphite sequencing. 
Following which, ChIP-seq can be used to identify transcription factors 
or proteins that interact with these promoter regions. Correlating data 
from whole genome bisulphite sequencing and ChIP-seq will help to 
decipher in more depth the molecular mechanisms regulating 
experience-dependent gene expression.  
RNAs also contribute to epigenetic regulation of gene transcription 
(Mattick et al. 2009). It appears that changes in chromatin structure can 
also be regulated by RNA signalling (Bernstein et al. 2005). Although 
the exact molecular mechanisms are unclear, non-coding RNAs 
(ncRNAs), such as microRNA, short interfering RNA, piwi RNA, long 
non-coding RNA, recruit different chromatin modifying enzymes and 
Dnmts to specific gene loci throughout development. There is also 
evidence that RNA editing can act as a means of transferring 
environmental signals to the transcriptome (Mattick et al. 2009). RNA 
sequencing technology can be used to identify ncRNAs differentially 
regulated in whisker-deprived S1 cortices and whether they modify 
chromatin structure. 
Future work will be done with high throughput arrays that will enable 
different types of epigenetic modifications to be studied. The findings 
will be most useful for elucidating pathways regulated by experience-
dependent epigenetic mechanisms. These findings will help us to 
better understand how critical period plasticity is regulated by the 
 122 
environment and to find interventions to reactivate critical period 
plasticity in adults.   
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